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SUMMARY
Simple mathematical equations are used to model the main 
electrical characteristics of the pilot scale electro­
static precipitator. Clean vol tage-current density 
characteristics give corona onset voltage values which 
are in agreement with Poisson's equation, and also 
current density at breakdown which is used to calculate 
terminal voltage at various dust in situ resistivity 
levels. The mathematical equations are then used to 
construct the electrical performance diagram which is 
used to determine precipitated ash characteristics .
The electrical performance diagram is then extended to 
cover the temperature range 100 - 400°C. Peek's and
Laplace's equations are used to determine discharge 
electrode roughness factor and air mobility.
The effective mechanisms of flue gas additives ammonia, 
sulphur trioxide, and triethyl amine and their effect on 
dust resistivity are discussed. An electrical performance 
diagram is constructed for these three additives.
Instantaneous current arriving at the collecting 
electrode was examined by installing a small insulated 
plate inside the precipitator and connecting it to a 
cathode ray osci11iscope. The effect of back corona and 
triethyl amine additive on the current was determined.
Examination of ash analyses showed that the percent basic 
components in an ash have a dramatic effect on ash fusion 
temperature and therefore on ash particle size.
Good agreement was achieved when a comparison was made 
between precipitator efficiency tests and a new 
precipitator performance line developed from the 
electrical performance diagram, ash analyses, voltage- 
current density characteristics and precipitator 
performance line slope.
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CHAPTER 1 - INTRODUCTION
1.1 Existing State of Electrical Characteristics
Electrical characteristics of electrostatic 
precipitators have been studied by a number of 
workers -j-he mos-j- commonly used data is the
voltage current characteristics measured with clean 
(fly ash free) and dirty (fly ash contaminated)
precipitator electrodes.
McLean  ̂4 ̂ describes the effect of high resistivity 
dust on the voltage - current characteristics and the 
reduction of maximum voltage attainable, compared to 
low resistivity dust.
Insitu resistivity, which depends on ash
characteristics and layer thickness, has the strongest 
influence on the magnitude shift of voltage - current 
characteristi cs ' '
Goard  ̂b ) has developed a technique for measuring
insitu resistivity on a bench scale, parallel plate
precipitator receiving freshly generated fly ash. The 
electric potentials in the gas space are first
determined for a given corona voltage and a short 
extrapolation gives the potential at the dust surface. 
Measurement of current density and dust layer 
thickness gives operational resistivity of the dust 
layer, at the prevailing field. The onset of back
ionisation, if it occurs, is readily observed,
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being near the maximum of the electric field through 
the dust layer.
Gooding  ̂̂  et. al . claim that if voltage current
character!’ s ti cs show a hysteresis loop on increasing 
then decreasing voltage, back ionisation exists. 
McLean^ describes a method of calculating the wave 
form of the corona current in the airgap from the 
external voltage and current waveform. The occurrence 
of back corona can be detected by the discontinuity in 
the voltage - current characteristics. The resultant 
current transients due to a spark is analysed and is
shown to comprise four seperate components.
(9)The voltage waveform measured by Rugg and Patten' ' 
shows a decrease in voltage corona onset after 
increasing then decreasing the current. This change 
however could have been due to a change in dust
conditions. Kahane^^ found similar hysterisis loops 
on P.F.II rig voltage-current measurements.
Rugg and Patten plotted instaneous voltage values as 
back corona intensity increased. They suggest that 
ionisation could be detected as it occurred, by the 
magnitude of change between voltage and current
waveform peaks. This gives real time detection of 
back ionisation onset. From this, back ionisation 
should be controllable by changing electrical 
operating conditions.
Bench scale tests by McLean^*) have shown that the 
corona voltage - current hysteresis effect is caused 
by back ionisation. A simplified equivalent circuit 
is used to calculate the precipitator instantaneous
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voltage and current wave shapes and to show the 
relationship between a steady voltage hysteresis 
characteristic and the average voltage - current 
hysteresis characteristics.
Hall' ' states that successful electrostatic 
precipitation depends critically upon proper selection 
of electrical energisation method and equipment. Even 
high resistivity dust collection can be improved by 
careful selection of transformer rectifer, SCR circuit 
and phase control.
The electrical characteristics determine the dust 
collection efficiency as outlined by Deutch and 
modified by consequent workers.^18^
New technologies such as wide duct spacing,^14  ̂
precharging^15^ 16^ 1 / ̂ and pulse energisation^18  ̂
have not been covered in this thesis but are all 
making important new contributions to electrostatic 
precipitator electrical characteristics understanding 
and control.
1.2 Proposed Research Programme
The electrical characteristics of a dusty 
electrostatic precipitator play a major part in 
determining the efficiency of dust collection by the 
precipitator. The electrical characteristics are
influenced by a number of parameters such as
temperature, chemical contaminants, particle 
characteristics and dust resistivity.
The impact of each of the above parameters is not 
fully understood in the total system and further 
research in this field will give a better 
understanding of the total precipitation process and 
therefore lead to means of improving the process.
The electrical performance diagram is a good starting 
point to examine the electrical characteristics, as it 
takes into account such important parameters as dust 
thickness, back corona onset and flashover voltage and
gives a prediction of dust resistivity. This i s a
very fast and easy method of obtaining dust
r e s i s t i v i ty results. Ve ry high resistivity dust
present problems in the precipitator collection
processes. The assumptions and validity of the 
diagram will be examined in detail taking into account 
relevant parameters such as dust in the flue gas and 
on the discharge electrodes, space charge and
electrical field strength. The CRO probe,
vol tage-cu rrent character!’s ti cs and precipitator 
performance lines will be used in these experiments. 
The diagram will then be expanded to include the 
effect of temperature and conditioning agents on the 
electrical performance. This diagram will then be a 
useful tool in predicting results that will occur at 
elevated temperatures and with conditioning agents 
after the vol tage-current characteristics at 12U°c 
with no additive has been determined for a particular 
ash.
An attempt will then be made to achieve a correlation 
between the electrical performance diagram and the
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precipitator performance line so that voltage-current 
characteristics can be used to predict the 
precipitator collection efficiency. This will greatly 
reduce the number of tests required on any one coal to 
obtain a total concept of its precipitation 
performance.
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CHAPTER 2 - BACKGROUND THEORY
This chapter covers a review of background theory used in 
the other chapters of the thesis. It covers corona 
generation, voltage-current (V-J) charateristics, 
sparkover, conduction mechanism in gases, particulate 
layers, particle charging and particle collection.
2.1 Corona Generation
Negative and positive corona are the two types used in 
electrostatic precipitation, the type depending on 
electrical polarity of the corona wire.
Negative corona exhibits greater stability, higher 
current and field strength and therefore higher 
collection efficiency than positive corona. It is 
therefore used in all industrial electrostatic 
precipitation except air conditioning where the excess 
ozone generated by negative polarity is unacceptable.
2.2 Negative Corona Discharge
Although gases are basically non conducting, there are 
about 20 ion-electron pairs per cm second present due 
to ionising radiation which exists in the atmosphere. 
If an electric field is applied to the gases a small 
almost immeasurable current flows.
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The motion of the charged particles is governed 
primarily by the combined effects of the electric 
field as the driving force, with inertia and viscous 
forces (collisions between the particles and gas 
molecules) as the retarding forces.
Orbital electrons in an atom can be removed by 
sufficient energy addition to exceed the binding 
energy of that particular atom. Thus collisions 
between a rapidly moving free electron and an orbital 
electron can transfer a sufficient quantum of energy 
to the bound electron to free it. This results in the 
formation of a positive ion and an additional free 
electron through a process known as ionisation. 
Ionisation occurs in the gas when the electric field 
is increased sufficiently to cause free electron 
velocites high enough to ionize atoms or molecules 
between inelastic collisions.^19)
Corona is generated by ionisation process and because 
each ionisation generates an additional electron, a 
multiplication process occurs throughout the region of 
space exceeded by the ionisation critical value. This 
multiplication process is commonly known as an 
electron avalanche.
If the avalanche mechanism occurs in a uniform
electric field, the avalanche will continue until a 
path becomes ionised and a spark occurs, resulting in 
an unstable breakdown and corona discharge.
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In a wire and concentric cylinder system with no
current flowing, Gauss’s law can be described by
E = — , V .- ....  (Eq 2.1)r 1n b/a M
where
V = appli ed voltage 
a = inner wire radius 
b = radius of concentric cylinder 
r = radius to the point where the value of the 
field is desired.
As the voltage between the wire and cylinder is 
increased, the field strength will increase until the 
electric field at the corona wire reaches that 
required for corona initiation. Peek developed an 
emperical equation to describe the field at corona 
onset (Eq 2.2).
E = 31 mp (1 + kV cm'1 ....  (Eq 2.2)c /-pry
where
Ec = electric field strength 
m = roughness factor of discharge electrode 
p = relative air density 
r-̂ = discharge electrode radius.
The roughness factor has been calculated in Chapter 5, 
Section 5 for the PF II rig, and the variation of 
relative air density with temperature and pressure 
examined in Chapter 5 Section 2.
Equation 2.2 shows that a decrease in wire radius 
leads to an increase in corona onset field strength. 
The smaller the wire diameter the greater the 
magnitude of field strength near the wire but the
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more rapid the decrease of field strength at
increasing distances from the wire. Corona onset 
field strength therefore depends on both the maximum 
value of the field and the field gradient.
After the corona critical voltage has been reached, 
ionisation in the vicinity of the wire will occur 
(Townsend discharge), creating an avalanche in the 
region where the critical field strength is exceeded. 
Further away from the wire the avalanche process will 
be quenched because the electrons will no longer 
exceed the ionisation energy. The edge of the region 
is defined by the boundary of corona glow and the 
absence of positive ions. Beyond this point only 
negative charges carry the current, whereas at the 
surface of the corona wire most of the current is 
carried by the positive ions, with both types of ions 
being active in the corona glow region.
The presence of an electronegative gas in the 
quiescent zone, (region outside corona glow) helps to 
build up a space charge by attaching and retaining 
free electrons from the avalanche. These electrons 
are held to the gases because the gas atom is at a 
lower energy state when a negative ion is formed. 
Stable negative corona requires a large source of 
electrons near the corona wire and an effective space 
charge between the electrodes built up by 
electronegative ions, otherwise sparking will occur. 
Secondary emission occasionally occurs when the 
positive ions impact on the discharge electrode.
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If the voltage Is just above corona onset voltage, 
location of Townsend discharge is determined by 
electrode surface irregulatities.
When the field at one of these points exceeds 
potential, the avalanche process is initiated. As the 
avalanche proceeds, the mobile electrons clear the 
region leaving a positive ion space charge buildup, 
which quenches the avalanche process by the attraction 
of and recombination with secondary electrons. The 
avalanche process will remain inactive until a 
sufficient portion of the positive space charge drifts 
to the corona wire, then the process will be repeated. 
The net result of the above causes intermittent pulses 
of corona (Trichel Pulses) from the localised
avalanche.
The avalanche generates a number of electrons in the
interelectrode space which is defined by
n = n ê ut ....  (Eq 2.3)o
where
n = number of electrons in the space 
nQ = number of electrons at time zero 
(charge density) 
t = time
u = electron drift velocity in field direction
d^= Townsend 1st coefficient.
If electrode spacing is d, current due to each
discharge i s:-
e n u . .
J(t) = ---§--- e1 --- (Eq 2.4)
and has a maximum value when ut = d.
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The avalanche process therefore produces a regular 
pulse current.
The pulse pattern is shown in Figure 2.1 where current 
is plotted against time.
A = pulse produced by Townsend discharge 
B = pulse blocked by space charge 
C = current due to space charge 
D = current due to ionisation point.
with time.
The effect of these pulses on the electric field is 
shown in Figure 2.2. The negative ions are assumed to 
be contained in a single plane that moves towards the 
positive electrode. Once the negative cloud is 
formed, field strength reduces to Ec . After time T^, 
the field will have reached E Q and discharge will 
begin again. When the cloud reaches the anode the 
field strength returns to E , the effective Laplacian
field.
- 1 2-
T
Figure 2.2 Effect of time on electric field 
strength.
hor a single pulse 
(E - E
T.
where
A
- E k+ E
(Eq. 2.5)
A
T = period between pulses 
k+ = ion mobi1i ty 
d = interelectrode space 
T (j = time for cloud to reach anode.
The frequency is the reciprical of the period (t ) and 
pulse frequency decreases with the presence of other 
electron clouds .
For all the clouds in the distance (d) between the 
electrodes, where a E is the amount of suppression of E 
when the cloud is at the positive electrode, the 
period between pulses is
T
where
_______AEd________
2k+ e a ( e a - E C>
AE = E0
..... (Eq 2.6)
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2.3 Parasitic Corona Current
When the electric field is less than Eq but greater 
than Ec, Townsend discharges will occur at occasional 
high potential points^20  ̂ on the wire. This discharge 
will form a single trichel pulse which will not form 
again because of the slow drift of the positive ions 
due to the low electric field strength i.e.
<1 > tu+ ....  (Eq 2.7)
where
d = interelectrode gap
u+ = positive ion drift velocity towards corona 
wi re
t = time for positive ions to reach corona wire 
or to be neutralised by electrons.
This mechanism explains the presence of the pari si tic 
current which is evident in the voltage - current 
characteristics of the PF II rig. This pari si tic 
current occurs at an electric field strength of less 
than Eq. At a field strength equal to or greater than 
Eq full corona discharge, as described by corona onset 
equations, occurs.
2.4 Voltage - Current Characteristics
The current and voltage relationships in a concentric 
wire and cylinder electrode system is described by 
Poisson’s equation.
( E q  2 . 8 )A2V = ^  ........
eo
the solution of which is
2 2 2I V  + 1 |  + ....  {Eq 2.9)
3x ̂ 9y^ 3z^ eo
which gives the following equation when expressed 
in cylindrical co-ordinates
1 1 _  f r 3 V .  1 , 3 2 V> , 3 2 v - p
r 3r L 3rJ + ~ Z  + 7 1  e ....  <Eq 2.10)v 3 <(> 3 z to
with further integration gives
I <L_ LlV _ 2P=I d (E r) ....  {Eq 2.11)
r 3r 3r e q r dr
because E = 9V.
3 r
To solve equation 2.11 the value of space charge 
density (p) must be determined^
Figure 2.3 Cylindrical electrostatic system
with incremental radius shown.
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The space charge density is calculated 
incremental radius dr (Figure 2.3).
The incremental volume (1 unit deep)
particles
i.e. dn =qdr
o
= q vdt ....
where
q = charge density
but
dn
= qrv + qrwE = 0 "
where
J = current density
y = ion mobility
E = electric field strength
But
J1 = 27rrJ = 2Trr qfyE 
Therefore 
=
p 27tryE
From equation 2.11.
d (E ) r'
Therefore
1 d<Er} _ J1
r dr 2TTryEeo
o
M u l t i p l y  both s i des  by Er g i ves
E d (E ) -J1r x r ' _ r
cl̂ 2Tryeo
i n t e g r a t i  n g g i v e s ;
(Er)2 -Jlr2 , .2
2 = 2We~? + C0
by taking an
contains dn 
no
(Eq 2.12)
(Eq 2.13)
(Eq 2.14)
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therefore
E2 + -J1 + zt
2lreou r2
E = - J]_ + Cl 
27re0W r2
(Eq 2.15)
C is found by applying the boundary conditions to
equation 2.15 i.e.
when
r = r, E = E,
o o J1 r
2 = (E0 r0 )2 + ,— o_
2Tre y 0
) 2 .
7irc~yo
= r J1
2ttg y 0
C
^o ro (Eq 2.16)
Since
E = -dV 
dt
and
E
dŶ
dt
/ J1 4. C7 
Zt'EqU r2
' ji + ci
2ueou r2
(Eq 2.17)
The voltage is found by integrating equation 2.17
i.e.
r
= fro
Jl
2TT£oy
+ drV { (Eq 2.18)
f
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1 + /  ̂ + 27TG U 72 2o E ro
(Eq 2.19)
where '
a = radius of corona wire 
b = radius of collecting electrode 
J1 = current per unit length of corona wire 
y = charge carrier mobility 
Eq = field strength
rQ = outer radius of glow region
V = applied voltage
E0 = permittivity of free space
Equation 2.18 can be integrated more simply by letting
Substituting equation 2.20 into equation 2.18 gives
(Eq 2.20)
V C x 1
*1
therefore V = C /
i ntegrati n g gives
V In
i
X i-t
(Eq 2.21)
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This equation is best solved by assuming a current and 
finding a value for ^  (r = rQ ) and £ ̂  (r = r ̂ )
The field at the wire VQ is the voltage at corona 
onset i.e.
r In r, o I
and is much less than 1 
0 V
and C = ■=— -—  when IA = 0 In r0 0
Worked examples using equation 2.21 are shown in 
Appendix Section A5.1.
The value of electric field strength is described by 
Peek's equation
Ec = 31 mp (1 + -308) kV/cm
/Pf 1 (Eq 2.22)
0
where
m = roughness factor and is calculated for PF 
II rig in Chapter 5.5.
Corona onset voltage is described by Leplace's 
equation
r
V = r. E In —  ....  (Eq 2.23)c 1 c r1
A reduction in corona wire size will result in a fall 
in the applied voltage necessary for corona onset 
(equation 2.23).
Figure 2.4 shows the theoretical relationship between 
corona starting voltage and wire size calculated from 
equation 2.23 and assuming a smooth wire (i.e. m = 1)
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Figure 2.4 Relationship between corona onset
voltage and discharge electrode wire 
(smooth) diameter.
The mathematics of parallel plate and wire electrodes 
are more complex than for a cylindrical electrode 
configuration but voltage and current relationships 
are similar.
The stages of development of a spark for a point to 
plane system at different electrode gap distances are 
shown in Figure 2.5.
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Gap Spacing (cm)
Figure 2.5 Main cathode corona modes and their
regions in a typical gap with a 
cathode radius of 0.06 mm.
Dark region: no ionisation
Corona inceptors: defined by Peek's equation and are 
dependent on wire diameter (in Figure 2.5 diameter d^ 
> dx ).
Trichel pulses: described in detail in Section 2.2
and Figure 2.1 are intermittent pulses of corona from 
localised avalanches.
Glow region: the voltage is sufficiently high to
remove the negative space charge as it is formed and 
blockage of the discharge does not occur.
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Streamers: negative streamers form in the glow
discharge region but are only observed in long gaps. 
They occur over much longer time periods than Trichel 
pulses.
Spark: continuous negative streamers.
2.5 Sparking and Sparkover
This section describes actual waveforms of primary 
(external) and secondary (internal) voltage and 
current rather than the average voltage and current 
which has been used in evaluations in Chapters 4,5, 6 
and /.
The circuit diagram is the same as that shown in 
Figure 4.1 but includes an internal capacitance 
between the discharge electrode and the collecting 
electrode. This capacitance is required in the 
internal circuit because the external voltage and 
current are continuously changing with time.
The relationship between the applied voltage, the
external current and the airgap corona current are
shown in Fi gu re 2.6l8) where Ie is the external
current, Ir the corona current, I the internal
charging cu rrent and Id the internal di schargi ng
current. The internal current (I e) equals the corona 
current (Ir) when the voltage is at its peak.
At any instant the total current flowing in the 
external circuit is given by equation 2.24.
- 2 2 -
I. = C Q  + l  ....  (Eq 2.24)e d t R
where C 4^ = I (charging current) ....  (Eq 2.2b)dt c
and X = I (corona current) ....  (Eq 2.26)R r M
The average value of corona cu rrent is the same as
that in the external circuit and the area under the
two current curves must therefore be the same.
Figure 2.6 Waveforms of the voltage, the external
current and the airgap corona current. 
This evaluation is now extended to examine the 
instantaneous voltage and current dring a spark. The 
spark usually occurs near the peak applied voltage, 
which then drops to zero for approximately a quarter 
of a cycle. (Figure 2.7)
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Figure 2.7 Instantaneous voltage and current
waveform during a spark.
(a) Discharge current (b) Recharging current
(c) Corona current (d) Fault current
The current transients which result from a spark can 
be divided into four components:
(i) Spark current: once the streamers of the spark 
have bridged the two electrodes the gas path is 
ionised and its effective resistance is reduced. 
The distributed capitanee of the electrostatic 
precipitator and any stray external capacitance 
discharges through this path and an 
instantaneously high current flows.
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the spark, the main fault current flows from the 
power supply across the airgap. This is limited 
by the impedence of the power supply, and because
(ii) Fault current: during the quarter cycle after
of the inductance, it lags the voltage • Once
this current falls to zero, the a i r g a p s
insulating properties normally recover and the
applied voltage is able to build up again. Its
peak is less than the prespark value du e to
external control equipment.
(iiiJCharging current transient: the transients in
the current after the voltage has recovered are 
due to the high current required to recharge the 
distributed capacitance. This only flows in the 
external circuit and decays to its normal value 
once the applied voltage reaches its steady-state 
value.
(i v) Corona current: the corona current has the same 
value as described by equation 2.26 and Figure 
2 . 6 .
A spark only occurs for one quarter of a cycle whereas 
back corona flashover (arc) can continue for a large 
number of cycles.
Flashover is caused by the electric field in the 
deposited layer reaching the Paschen breakdown value, 
causing a secondary discharge (back corona) to occur.
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Positive ions will then flow from the layer through 
the gas medium to the discharge wire, resulting in a 
sharp increase in the current and limiting the maximum 
obtainable voltage. The positive ions flowing through 
the gas medium impact on the dust particles in the 
interelectrode space and neutralise or reduce the 
charge present on the dust particles.
This flashover occurs at a lower voltage for dusts 
with higher resistivity for the same operating 
parameters i.e. collecting electrode dust thickness, 
wire to place spacing, temperatures, etc.
Figure 2.8 shows diagramatically the development
of events leading to sparkover with a few nanoseconds 
between events.
(a) Initially a feather is created by an avalanche 
from which photons are emitted and absorbed, 
creating a few photoelectrons.
(b) These photons produce an avalanche ahead of the 
advancing tip.
(c) A new set of avalanches is created by the 
photoelectrons while the old avalanches continue 
their advance.
(d) A feather is almost completed with its tip 
approaching the positive plane in which two 
positive streamers are launched towards the 
point.
- 2 6 -
SYMBOL MEANING
Ionisation path and 
positive-ion space 
charge
Electrons at 
avalanche head
Absorbed photons 
producing photoelectrons
Figure Z . 8 Idealisation of events leading to spark 
breakdown.
2.6 Particulate Layers
Dust particles build up on both the discharge and 
collecting electrodes and effect precipitator 
operations in a number of ways.
Dust buildup on the discharge electrode gives 
localisation of corona which can lead to low corona 
current and excessive sparking.
Deposits on the discharge wires do not necessarily 
result in poor performance, although depending on 
resistivity, power supply range and uniformity of 
deposit, it can constitute a source of reduced 
efficiency.
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Dust buildup on the collection electrode causes a 
decrease in the voltage at which sparking occurs due 
to the increased electric field at the dust surface. 
The equations developed in Chapter 4 have been used to 
calculate the bound charge on the surface layer of 
collection electrode dust.
If the resistivity of the dust layer is increased, the 
voltage at which sparking occurs will be further 
reduced.
Finally, at very high values of dust resistivity, the 
voltage will be reduced sufficiently so that sparks 
will not propogate across the interel ectrode space. 
Under these conditions, the gas in the interstitial 
regions of the dust layer will breakdown, resulting in 
a back corona. The positive ions from this corona
flow towards the discharge electrode and neutralise 
the negative charge previously applied to the dust 
particles.
The adhesive and cohesive forces acting on the dust 
layer are due to absorbed gases on the surface, 
mechanical forces due to interlocking of the particles 
and interparticle friction, Van der Waal’s forces due 
to proximity of adjacent particles and electrical 
forces. They influence the difficulty of dislodging 
the dust from the electrode, as well as reintrainment 
of the dust during the rapping process.
One component of the electrical force is generated by 
the ion current flow to the dust layer. The magnitude 
of the net electrical force is given by Lowe and
Lucas
-2 8-
Pel = d2 {kjEJy# - Ig-} ....  (Eq 2.27)
where
Pel = electrical adhesive force
d = particle diameter
E = electrical field strength
J = current density
P = specific electrical resistance
ki = 
k1Ed2Jp =
constant
proportion of Coulomb force due to ion
d2E2 . 
32
current
share of Coulomb repelling force caused 
by influence effects.
With high dust resistivity, the net force will cause
greater dust layer adhesion to the collecting 
electrode thereby increasing rapping intensity to 
dislodge it.
A second component of the electrical retentive force 
is electrostatic and is caused by individual particle 
dipole moments aligning themselves so that adjacent 
particles are attracted by a Coulomb force.
Fundamental studies of the adhesive forces on dust 
particles have been made by Daviesv^j;, Penneyv 
and McLean^25*.
Adhesive forces are influenced by gas temperature and 
composi ti on.
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The current density through the dust layer on the 
discharge wire is larger than through the dust layer 
on the collecting electrode by the ratio of the 
collecting surface area to the surface area of the 
discharge wire. The electrical forces would tend to 
hold the dust more tenaciously to the discharge 
electrode than to the collection plate and these 
deposits can impair precipitator efficiency if
discharge electrode rapping is inadequate.
Particles on a dust surface at the boundary of a gas 
stream are transported by suspension, repeated 
rebounding or creep.
Bagnold^26  ̂ has developed an equation to determine
threshold drag velocity at which particle creep on the
surface of the collecting electrode dust layer begins 
k, S - S«ta
U = — --65......  ....  (Eq. 2.28)
where
U = threshold drag velocity
= experimental coefficient-constant for 
particles greater than 200 microns 
Sp = particle density 
S = gas density
^ = electrical force divided by mass of deposit 
a = particle diameter
2.7 Particle Charging - Negative Corona
Particle charging occurs between the boundary of the 
corona glow and the collecting electrode. This region 
contains large quantities of negative ions and some
free electrons.
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Some of the particles passing into the corona region 
will pick up positive ions present, and drift towards 
the discharge electrode where they will deposit, 
unless they are neutralised and negatively charged, by 
picking up further negative ions.
The two mechanisms of negative particle charging 
(field charging and diffusion charging) are 
significant for a particular size range. Field 
charging for particles greater than 0.5 microns, 
diffusion charging for particles less than 0.2 
microns, and both mechanisms for particles between 0.2 
and 0.5 microns.
2.8 Field Charging
The mechanism is dominant for particles with a 
diameter of more than 0.5 microns. This type of 
charging is related to the ordered motion of ions, 
influenced by the applied electric field, causing 
collisions between the ions and particles in the gas 
stream.
Rohman^^ was the first to derive a valid expression 
for field charging which was subsequently modified by 
Paul thani er *28 *. White*2* has also carried out a 
theoretical analysis. The theoretical analysis of 
field charging has been made with three simplifying 
assumptions to avoid mechanism obscuration by complex 
mathematics. The effect of these assumptions are 
examined in detail in Appendix A2.1.
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These assumptions are:
(1) The particles are considered to be spherical
( 2 ) The field from one particle does not modify the
field in the vicinity of another particle
(3) The particles and ions are suspended in a region
permeated by a constant electric field.
The validity of these assumptions are discussed in 
detail in Appendix A2.1.
The presence of particles with dielectric constant 
greater than unity causes localised deformation of the 
electric field.
Figure 2.9 Charging particle in an electric
field.
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The negative ions move along the electric field lines 
under the influence of the applied electric field and 
collide with the particles and impart a charge on 
their surface. As further ions are brought into the 
region near the particle the internal charges of the 
dust particles are displaced so that an attractive 
force exists between the ion and the particle. 
Additional ions impinge on the particle surface until 
a limiting electrostatic field is established which 
repels further charging. (Figure 2.10)
E
Figure 2.10 Electric field after particle
acquires a saturation charge.
2.9 Derivation of Field Charging Equation
The rate of change of charge to the dust particle with 
respect to time is defined as the current. The ion 
current is equal to the integral of the current 
density times the differential active charging areas:
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= N e i* f 8o (3 E Cose -
 ̂ n O 4 Ile a o
^r)dA (Eq 2.29)
where
q = charge on the particle 
y = mobility of the ion 
e = electronic charge 
j = current density = NQeyE 
0Q = limiting angle for charge flow to the 
particle
dA = element of area 
t = time
Equation 2.29 shows that current will flow to the 
particle until the field from the charge just balances 
the applied external field and therefore the electric 
field in the vicinity of the particle is zero. This 
gives the value of saturation charge (equation 2.30).
The time behaviour of the charge can be determined 
from equation 2.29 by double integration and assuming 
q = 0 at time zero, 
i . e.
12îra^e E o o
(Eq. 2.30)
£_______ t__
q _ ~ 4e (Eq 2.31 )
i f T 0 the charge as a function of timeN eyo
becomes
q ( t ) (Eq 2.32)
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which is the charging characteristics of a conducting 
particle in a precipitator. This is modified for a 
non-conducting particle by introducing a factor 
into equation 2.30 (where e is the relative dielectric 
constant) to yield saturation charge of
and this value of qs substituted in equation 2.32 to 
determine q(t).
2.10 Diffusion Charging
Diffusion charging predominates for particles less 
than 0.2 microns diameter and results from collisions 
between ions and particles caused by the random 
thermal motion of the ions. The ions collide with, 
and are retained by an induced electric charge on the 
particle similar to that for field charging.
The diffusion charging process can be described in 
terms of the kinetic theory of gases under the 
assumption that diffusion charging is independent of 
the electric field. (Discussed in Appendix A2.2).
At the surface of a particle of radius a, the density 
of ions with various energies becomes
o (Eq 2.33)
N = N0 exp (- iff) (Eq. 2.34)
where
Nq = average number of molecules per unit of
volume
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q = charge
k = Boltzmans' constant 
T = absolute temperature 
a = particle radius
and the number of ions per second which collide with 
the particles becomes
^  (4ira2) = ira2Nv ....  (Eq 2.35)
where
v = r.m.s. thermal velocity of the ions.
If every ion that collides with the particle is 
retained then the rate of charge becomes
4a = 4
dt
2a e v No exp (- (Eq 2.36)
Integration of equation 2.36 gives an equation for the 
charge on the particle with respect to time i.e.
47Ts akT
(t) = ---2--- in (1 +
2avN e tx o )
4e kT o
(Eq 2.37)
Saturation charge does not exist for the diffusion 
charging process because thermal velocities do not 
have an upper boundary limit. However as the
potential of the particle increases, the probability 
of impact decreases, until the diffusion charging rate 
decreases significantly. Equation 2.37 was developed 
by White^2  ̂ and is similar to that previously 
developed by Arendt & Kallman^29 .̂
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Field charging is more significant in the majority of 
precipitators than diffusion charging because a 
greater mass of the material to be collected consists 
of particles greater than 0.5 micron diameter. For 
example the mass of a 50 micron diameter particle is 
equal to the mass of one million 0.5 micron diameter 
particles. Diffusion charging becomes important when 
collection efficiencies approach 100% and the very 
small particles need to be collected.
2.11 Combination of Field and Diffusion Charging
Both charging mechanisms contribute significant 
charges in the intermediate range of particle sizes. 
Initially the rate of charge was calculated by summing 
the rates of charges for the two mechanisms and then 
solving
Equation 2.38 is a nonlinear differential equation 
with no analytical solution. Approximate solutions 
have been obtained by the use of iterative integration 
methods. The above equation did not take into account 
the effect of the electric field on the diffusion 
charging rate and so several investigators have 
attempted to extend the theory to include the charging 
character!'sti cs in the presence of an applied electric 
field. Murphy^30  ̂ derived a formula where computer 
solution (using a finite difference method of 
iterative integration) to the differential equation 
for charge rate compared more closely to the
(iff)-- (E< 2-38>
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experimental data than White and Kallman’s and proved 
that the electric field has a significant effect on 
diffusion charging.
Liu^31) developed a unified charging equation where 
field and diffusion charging are combined. The charge 
rate is derived from the electric potential field 
caused by both the charge on the particle and the 
modified external field. The charging mechanism is 
divided into two regions such that both field and 
diffusion charging are simultaneously active until the 
saturation field charge is acquired by the particle. 
At this point, the electric field caused by the charge 
on the particle exceeds the applied field and field 
charging stops whilst diffusion charging remains 
active.
2.12 PF II Rig Particle Charging
The significance of the factors discussed in the 
Appendix can be more clearly demonstrated by taking 
typical PF II Rig values and substituting in the 
equation to determine the time to achieve 90% 
saturation charge.
Dust Load 7 gms/Nm3
Volume Flow Rate 89.5 m3/h
Collection Electrode Area 2. 19 m2
Gas Velocity 1.37 m/sec
Average Electric Field 3.3 k V /cm
Average Current Density 0.09 mA/m2
Precipitator Length 4.57 m
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Average Vol tage 
Peak Voltage
25 kV 
29 kV
Free ion density NQ
_ 0.09 mA 1 i
“  ------IT3------ j x ------ ?------  y—y x — ^
1 .6x10 coul.m 2.2 cm /v-sec 3 ,3 103V/cm
= 7.72 x 1012 ions/m3 
and charging time constant (t 2 ̂ 1S 
. 4eo _ 4x8.85xl0"12 Flo “ n— r—  - ---------— ----- —  X ----- m
Noeu 1 .6xl0~19coul m
= 0.13 seconds
7.72xl012ions 2.2xl0~4m
V-sec
About 10 times is required for saturation charge
and a ratio of  ̂ required to correct value for
correct peak voltage (3.3 kV to 4.0 kV) Data p91 - SRA 
Manual.  ̂32 ̂
i.e. T3 = T2 x 10 x g-|f
~ 0.13 x 10 x 0.980.52
= 2.45 seconds
Total length of PF II Precipitator = 4.57 m.
.’. 90% saturation achieved at
1.37 m/sec x 2.45 sec 
= 3.36 m into precipitator
i.e. 73 percent into precipitator, 90% saturation 
charge is reached.
This delay in achieving saturation charge has led to 
the present development of prechargers^33^, where as 
close to saturation charging is achieved outside the 
precipitator.
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2.13 Particle Collection
A force will act on a charged particle under the 
influence of an electric field. A simplified concept 
assuming electrostatic forces dominate the motion of 
the particle, is initially assumed.
In a full scale precipitator aerodynamic forces 
associated with highly turbulent gas flow predominates 
especially with particles less than 10 microns in 
diameter. Near the collection plate, gas turbulence 
is reduced and electrostatic forces predominate.
The collection of a particle therefore depends on the 
probability of it entering the region where 
electrostatic forces predominate and it is deposited.
In developing a fundamental theory of particle 
collection other factors such as particle 
reintrainment are neglected and covered in detail 
after derivation of basic collection theory.
2.14 Particle Kinetics
The motion of a charged particle in a gas, influenced 
by an electric field, is governed by Newton's laws of 
classical mechanics. The formulation of the equations 
uses d'A1 emberts's principle, which states that the 
summation of all forces acting on a body is equal to 
zero.
The four principle forces acting on a particle in a 
precipitator (Figure 2 .1 1 ) are
- 4 0 -
Gravitational force F = mg .....  (Eq 2.39)
Electrical force Fg = qE .....  (Eq 2.40)
Viscous force F = 6 ^ ^ ----  (Eq 2.41)
r
Inertia force F . = m ^ .....  (Eq 2.42)
-<------------------------------  E l e c t r i c  F i e l d  D i r e c t i o n
Figure 2.11 Forces acting on a negatively charged
particle in an electric field.
The significant forces are electrical (Fe ) and viscous
(F x) whilst gravitational (F ) and inertial forces 
T' 9
( F ̂ ) are in general negligible. The main remaining 
equation is therefore
Fe - - Fi “ ü ....  (Eq 2.43)
Substitution of equations 2.40, 2.41 and 2.42 in
equation 2.43 gives
du> = 0qE - 6iTâ ü) - dt 
solving for w (particle velocity) gives
03 6îrâ
ai {l-exp (- ¿MPÌ)}
m (Eq 2.44)
-41-
The term Fi can be Ignored because for most particles 
the acceleration time is short compared to the 
residence time in the collector and equation 2.44 
becomes
“ “ ef%  ....  ‘Eq 2-45)
Substituting the value of q from equation 2.33 (field 
charging) in equation 2.45 gives a value of w
O)
2ee E E a o o p
(e+2) n
(i + h
x (Eq 2.46)
For particles with a high dielectric constant which
has attained a saturation charge the factor
Tapproaches unity and approaches zero, which gives a 
steady-state migration velocity for field dependence 
charging of
03 =
2e E E a o o  p
(*} = 1 .8 x 10 ^kg m * sec *)
(Eq 2.47)
For diffusion charging the particles do not achieve 
saturation charge and the migration velocity achieved 
by substituting q in equation 2.37 is
03 = 6tt̂ e In (
1 + Travide t̂  
kT
(Eq 2.48)
2.15 Particle Collection With Turbulent Gas Flow
In all practical precipitators the gas flow is 
turbulent and the motion of the particles is governed
-42-
by turbulent gas flow, gas motion caused by ion-gas 
molecule collision and electrostatic field forces on 
ions. The equation for the collection efficiency of an 
electrostatic precipitator was discovered
experimentally based on field tests by Anderson in 
1919. Deutch^^ derived a similar equation, based on 
theoretical considerations in 1922.
Deutch derivation is as follows:-
Let m be the dust concentration across a transverse 
section of a tubular precipitator with radius R. 
Therefore mass (M) of dust present in the gas stream 
per unit axial length of the tube is given by
M = tiR2 m ....  (Eq 2.49)
If the rate of deposition of the dust on the 
collecting electrode is proportional to m which is 
proportional to migration velocity (tt) then the rate 
of withdrawal of the dust from the gas stream is
dM
dt
combi ni ng
dM 
M '
-2TrRa)m 
equati ons
2 03 
R d t
2.49 and
and since v (axial velocity)
2.50
= dx 
d t
then = .-a).ĉ.x- 
M Rv
(Eq 2.50)
(Eq 2.51)
Integrating equation 2.51 gives 
M = Ae"^a)X/Rv 
where A is a constant
At the entrance to the precipitator however x = 0 and 
M = Mo is the mass of dust per unit axial length of
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entry. Hence A = Mq and the efficiency of
precipitation collection is given by
, = 1 - M_
1 Mo
or = 1 - e-2u)X/Rv
1 -wA/»j = 1 - e 7 v .. . (Eq 2.52)
where
r\ = precipitation collection efficiency 
A— = specific collection electrode area 
03 = particle migration velocity
Since the theory for equation 2.52 was developed by 
Deutch and the experiments carried out by Anderson, 
the equation is known as the Deutch-Anderson equation. 
The simplifying assumptions used in the development of 
the equation are listed below.
(1) The particles were considered to be fully charged
immediately on introduction into the collection 
system. This is not valid for PF II Rig results 
where 90% saturation occurs 73% into the
precipitator (see Section 2.12). 2
(2) Turbulent and diffusive forces causes the
particles to be distributed uniformly in any 
cross section. Cooperman^^ suggested that a 
difference in particle concentration would be 
higher at the collecting surface than at the
central discharge electrode. This higher 
concentration at the collecting surface will 
result in particle back diffusion which will
reduce the migration velocity.
- k k -
(3) The velocity of the gas stream does not affect 
the migration velocity of the particle. 
Cooperman(36 * states that the difference in 
particle concentration along the precipitator 
length gives rise to a diffusional force which 
results in a particle velocity through the
precipitator that is greater than the gas
velocity. At low gas velocities the effect i s
pronounced, but is negligible at higher
velocities. Cooperman has developed a
modification to the Deutch-Anderson equation to 
take account of cross sectional variation of 
particle distribution (from 2 above) and 
modification of gas velocity due to diffusion 
transport.
The modified equation is
« = l-e{-(1 -f)(1 "d?) ....  (Eq- 2-53)
where
f
v
£
b
Di
= ratio of particle transport away from
the collecting electrode to the
migration velocity towards it
= mean gas transport velocity 
_ bv 
' 2Di
= wire to collecting plate spacing 
= particle diffusion coefficient in the
direction of gas flow
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(4) Particle motion is governed by viscous drag when 
Stoke's law applies. This is correct except for 
very small particles where a correction factor 
(Cunningham correction factor) has to be applied 
to equations 2.47 and 2.48.
The expression for migration velocity in 
equations 2.4/ and 2.48 is multiplied by 
(1 + A |-) to give a migration velocity for thea
smaller particles (particles in the size range
where diffusion charging is important)
where
X = mean free path of gas molecules 
a = radius of the dust particles 
A = numerical factor
(b) The particle always moves at its electrical 
terminal velocity. This is correct provided the 
precipitator is operating under steady corona 
discharge conditions with no severe back corona.
(6) Dust particles are sufficiently separated so that 
their mutual repulsion can be neglected. This is 
correct for a sample ash examined on the PF II 
Rig where the average separation was 14.5 
diameters (Section 2.12), compared to suggested 
repulsion distance, (White) of less than 5
diameters.
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(/) The effect of collision between ions and neutral 
gas molecules can be neglected. This is correct 
provided the ions are negatively charged.
(8) There are no disturbing effects such as erosion, 
reintrainment, uneven gas flow distribution or 
back corona present. All of the above factors 
effect the precipitator collection.
Robinson^^ introduced two erosion terms into 
the Deutch-Anderson equation. The first is 
proportional to the density of dust particles in 
the boundary layer and is based on the fact that, 
the greater number of impacts between dust 
particles and the deposited layer, the greater 
the quantity of reintrained dust. The second 
erosion term is a constant term generated from a 
gas stream flowing near a collected layer of 
dust. The equation becomes
*) = U-fr!*}-) } ....  (Eq 2.54)
where
= coefficient of the variable erosion 
3 = coefficient of constant erosion 
X  = ratio of dust concentration near the 
wall to the average concentration in 
the cross section.
- k l -
Equation 2.54 corresponds to modifying the 
Deutch-Anderson equation in three respects:
(a) The entire equation is multiplied by an erosion
sensitive term: 1 _ B
XT O
(b) The particle concentration near the wall can be 
different from the average particle concentration 
(*)
(c) The migration velocity is modified by the
variable erosion effect m ^  = 1 - dC(co)
As well as being caused by erosion, reintrainment is
also caused by
(a) Plate rapping breaking up some of the
agglomerated dust slab from the collecting
electrode and rein training it.
(b) Electrostatic reintrainment caused by low
resistivity particles rapidly discharging their 
electrical charge when they reach the collection 
electrode, then falling off because there is no 
electrical force left to hold the particle to the 
plate.
(c) The particle may acquire an induced positive
charge and migrate towards the negative discharge
wire.
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id) Reintrainment can also occur during sparking when 
a precipitator section is momentarily out of 
service.
Uneven gas flow distribution can be compensated for in 
the Deutch-Anderson equation by inserting a factor, Q 
which is multiplied by the gas velocity. For even gas 
flow distribution the value of Q would approach 1 and 
for extreme uneven gas distribution it would approach 
2 .
2.16 Practical Aspects of Particle Collection
Because of the wide acceptance of the Deutch-Anderson 
equation and the large number of factors that effect 
the migration vel oci ty o)( Secti on 2.15) a general term 
has been developed to help describe actual collection 
efficiency of installed units.
This parameter known as effective migration velocity 
We, is not the velocity with which particles move 
toward the collection electrode but is the net average 
migration velocity for an average particle which would 
result in the measured efficiency for a particular 
preci pi tator
1-e* “e = J ln ....  (Eq 2-55)
This effective migration velocity (We ) is useful to 
describe the actual precipitator performance but it is 
not a real measurable velocity of particles towards 
the collection electrode.
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The Deutch-Anderson equation applies to dust particles 
whose migration velocity is dependent on particle size 
as well as other factors. The equation applies only 
to the group of particles for which the migration 
velocity is known. As the performance of a typical 
dust is desired a modified equation taking into 
account the variation of particle size is required. 
This equation can be achieved by starting with
-CA/V)a)tx)
dQ - e dy
where
dy = 6 (x ) dx 
giving
dQ = e' ( ^ M x )  6(x)dx ....  (Eq 2.56)
where
6 (x ) = size frequency particle size distribution 
y (x ) = cumulative distribution function
dQ = precipitator loss in infinitesimal size 
range interval x to x + dx 
w(x) = migration velocity for particles of 
size x
Integrating gives *)
*) - l-Q = 1- o f °  e"(A/v)“(x)6(x }dx . (Eq 2.57)
where
*)' = probability of particle capture.
As fly ash usually has a log - normal particle size 
distribution a particle size modified equation for 
efficiency can be developed.
let t = ^lx)/Tg
1 na
9
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where
o.
geometric mean size 
geometric standard deviation
Therefore -t2/2 -(A/V)co(x)
Efficiency = 1 - ^
f
0 ✓ 2tt
•
1 n a
g
- *
CM
CM1 -tA/
(X) e e
. e
dx
Therefore
/ 2ïï 1 n a x 
9
_(1n(x)/S7)2
In ag
-, „(X>
M  = of e
-(A/V)u (x)
V ?TT 1 n agx
dx
dx
(Eq 2.58)e
A simplified efficiency equation is developed in 
Section 2.17 that uses the mass median diameter rather 
than the geometric mean size and geometric standard 
deviation.
2.17 The Performance Line
Rearrangement of the Deutch Equation (2.52) gives
_a)A/
I - e = e V
By taking logs of both sides a value for efficiency 
(I-e) can be determined.
ln(l - e) = ¿¡a ....  (Eq 2.59)
where
e = = fractional precipitator collection
efficiency.
tj, = A = specific collecting area 
a) = migration velocity
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As the particles above one micron in size account for 
all the mass, the viscous drag (from Stokes' law) can 
be equated to the electrostatic force on the particle 
after electric charging.^38) This yields an 
expression for the migration velocity which can be 
substituted for w in equation 2.59.
1’6’ P<E E d
u  12iyr ....  (Eq. 2.60)
where
p = = particle dielectric
Ec = charging field 
Ep = precipitating field 
d = mass mean particle diameter
= carrier gas viscosity at precipitator 
temperature
Equation 2.60 must be refined^1^ 39  ̂ to be accurate in 
predicting actual precipitator results.
These refinements are:-
(1) The precipitator collects substantial quantities 
of dust particles when electrically dead due to 
turbulent diffusion of fine particles and gravity 
settling of coarse particles. This mechanical 
efficiency is discussed in detail in Chapter 7 
and covered by inserting the term log (1 - e0) 
into Equation 2.60, where Ey is the mechanical 
collection efficiency in the relevant range of
-52-
(2) It is assumed that the mean values of both Ec and 
Ep (for a single stage precipitator, where 
charging and precipitating functions coincide) 
are directly proportional to the applied
secondary voltage V.
i.e. Ec Ep = CV^ where C is a constant and 
Equation 2.60 becomes
Cp
log (1 -e) = log (1 -eJ - l T ^
i.e.
log (1-e)
2
Cp^V^d
log (l-e0) 86.8»|, (Eg 2.61)
(3) The V2 term in Equation 2.61 does not come into 
effect until the corona starting voltage V$ is 
exceeded. For voltages below this value the 
charging field is not present in the precipitator 
and Ec must therefore be omitted from the 
efficiency equation. The particles are moved by 
Ep acting on the small electric charge they carry 
upon entering the precipitator. The efficiency 
equation for the voltage range VQ to less than 
V becomes
Cp^Vd
log (1 -e$) = log (l-eQ ) - g-fr •••• (Eq 2.62)
where £ $ is the fractional collection efficiency 
at the corona starting voltage.
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At voltage greater than the mechanical
efficiency term log (I - ) must be replaced by
log (I - e$), which is a higher value (by about 
2b to 40 percent of log (I - Eq) value) and 
Equation 2.61 becomes
CpcfV2dl og  ( l - e) = l og ( l - e s ) -
°r ->
Cp<d(V +V^)
log (1-e) = log (l-eQ ) - g-g-J r----} (Eq 2.63)
Equations 2.62 and 2.63 constitute the Performance 
Line which is a plot at uniform temperature of log 
(1 - e) against 2.
The Performance Line slopes upwards from the intercept 
log (1 - e0 ) obeying Equation 2.62 until (corona
starting voltage) is reached. The Performance Line is 
then straight and obeys Equation 2.63 with a slope 
directly proportional to the mass median diameter of 
the particles, the quantity p being close to 2 , since 
k lies between 3 and 6 in most cases.
The slope of the performance line (S) is given by
S = 86^  ....  (Eq. 2.64)
Equations 2.62, 2.63 and 2.64 are used in Chapter / as 
a basis for comparison with the electrical performance 
diagram. Data from PF II rig tests are also
substituted in these equations in Chapter /.
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CHAPTER 3 - TEST APPARATUS
The pilot plant on which this research has been carried out
has been constructed so that accurate tests can be carried
out to compare coal combustion characteristics and ash
precipitation characters resulting from the combustion of 
pulverised coal. This pilot plant was designed by C.A.J. 
Paulson^2  ̂ with subsequent modifications.
3.1 Coal Preparation
A sample of coal (minimum amount 2 tonnes but usually
5 tonnes) either run of mine or washed, is obtained
from the mine or washing plant and processed in the
coal preparation section. The coal is spread out to
dry to remove some of the surface moisture. It is 
then roll crushed if greater than / cm and then 
pulverised using a rotating hammer mill and cyclone. 
The hammers are set so that the resulting pulverised 
coal has a size of 75% minus 200 mesh (British 
Standard).
The pulverised coal is fed directly from the mill into 
44 gallon drums which are then transported to the coal 
feed hopper.
3.2 Coal Feeding System
The coal feed hopper can hold up to 800 kg of 
pulverised coal. The coal feeds continuously through
Furnace/Electrostatic 
Precipitator 
Rig
-S
S-
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a Mucon valve to an 80 kg vibrating hopper above a 
screw feeder.
The whole coal feeding system is supported on four 
load cells which are connected to a continuously 
reading scale.
From the screw feeder the coal is fed through a 
flexible pipe, into a venturi section fitted into the 
primary combustion air. The primary air is adjusted 
so that the air passing through the venturi creates a 
negative pressure below the coal feeder and carries 
the coal away.
3.3 Combustion Air
The primary air is supplied from a positive 
displacement blower and is used to transport the coal 
to the burner. The secondary and tertiary air are
supplied by a centrifugal blower, the secondary air 
going to the burner and the tertiary air to the 
furnace. The primary air is preheated to Z50°C and
the secondary air to 200°C by heat exchange with the 
flue gas and electrical heating elements.
3.4 Coal Burner
The primary air and coal pass along the centre pipe of 
the tunnel-type coal burner, whilst the secondary air 
is supplied down the outer annulus thus forming an 
envelope around the coal suspension. A feed rate of
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between 35 and 60 kilograms per hour gives a stable 
flame and 20 percent excess combustion air is used, 
this corresponds to a heat release rate of 1 to 1.7 x 
105 WM'3.
3.5 Furnace
The design and dimensions of the horizontal,
cylindrical furnace are shown in Figure 3.2.
The single pulverised coal burner is fitted in the 
centre of the refractory lined end plate, around which 
are symmetrically placed four ports into which towns 
gas/natural gas burners are inserted to preheat the 
furnace before admitting the pulverised coal.
The voltage- cu rrent characteristics for the town gas
and natu ra1 gas are different with a cl ean
preci pi tator because of the di f f erent fl ue gases
generated.
The ports in the body of the furnace are fitted with 
windows to allow observation of the flame and 
measurement of furnace conditions.
The first two exchangers which are always used have 
the primary, secondary and tertiary cold air as the 
cooling medium. Stream or water is used in the other 
four heat exchangers and control valves on these 
exchangers allow close temperature control of the flue 
gas entering the electrostatic precipitators.
Figure 
3.2 
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3.6 Boiler
The flue gas temperature is initially reduced to about 
600°C in a three pass fire tube boiler. When higher 
temperatures are required only one pass of the boiler 
is used and temperatures in excess of 800°C are 
obtained. The boiler, which has a safety relief valve 
(set at 350 kPa) and a low water level cut off switch, 
generates 180 kg h"1 of steam. This steam is used to 
cool the flue gas in the heat exchangers and then 
recondensed and reused in the water circuit. Heat 
transfer rate from the flue gas into the boiler 
depends on the characteristics and thickness of the 
dust layer in the boiler tubes, which in turn depends 
on chemical composition and particle size 
distribution.
3./ Heat Exchangers
The flue gas is further cooled in the heat exchangers, 
which consist of six horizontal shell and tube heat 
exchangers designed so that either 2, 4 or 6 can be 
used at the one time.
Each heat exchanger consists of three 76 mm inside 
diameter mild steel tubes, each 3.05 m long, in a 0.3 
m diameter steel shell. The gas velocity through the 
tubes is always at least 20 m sec"1 ensuring that 
little dust is deposited in the exchangers or 
connecting pipework.
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3.8 Additive Injection System 
(a) Flue gas additives
Injection of the flue gas additives has been done 
at six points prior to the electrostatic
precipitators at points marked A to F on Figure 
3.1. (Temperature at these points are also 
indicated).
A considerable number of compounds have been 
injected into the flue gas at levels between 2 
and 200 parts per million on a weight to weight 
basis and their effect on electrostatic
precipitation character!'s ti cs determined.
(i ) Gases
Ammonia, Sulphur Dioxide and Sulphur Trioxide 
have been added to the flue gas. The ammonia and 
sulphur dioxide were added at points B & C direct 
from gas cylinders through a rotameter control 
valve. The sulphur trioxide was generated by 
passing a mixture of sulphur dioxide and moisture 
free air through a bed of vanadium pentoride 
pellets contained in a stainless steel tube at a 
temperature of 6U0°C (Figure 3.3). A 70% 
conversion of sulphur dioxide to sulphur trioxide 
was achieved using 10% excess air.
Figure 
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The sulphur content of the coal contributes about 
7 ppm of sulphur trioxide and 700 ppm of sulphur 
dioxide to the flue gas.
(i i ) Liquids
Liquid compound injections were carried out using 
a motor driven hypodermic syringe (Figure 3.4). 
The amount of compound added was controlled by 
varying the syringe size, and using different 
gear box rates.
Tretly1 amine, Morpholine, Pyridene and other 
secondary and tertiary amines have been tested. 
Most of the compounds have been injected at a 
point where the flue gas temperature is 14U°C, 
thus resulting in an additive residence time 
before the precipitator of between 0.1 and 0.25 
seconds, depending on the flue gas velocity.
(b) Coal Additives
Solid additives have been mixed with the coal in 
the hammer mill and pulverised along with the 
coal. The pulverised coal is then fired normally 
and the additives reacts with the coal in the 
flame. Limestone has been added to react with 
the coal ash and produce ash particles with 
different physical, chemical and electrical 
character!' sti cs .
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3.9 Electrostatic Precipitator Design
(a) Multistage
The precipitator consists of two parallel tubular 
precipitator passes, each with three identical 
stages (fields) in series. Each stage has two
parallel 0.16 m diameter by 0.76 m long tubular 
collecting electrodes, (Figure 3.5), with a 
central discharge wire and a dust collection 
hopper.
(b) Single Stage
The configuration^43  ̂ of the precipitator is 
shown (Figure 3.6) and consists of a collecting 
tube 3.05 m in length and 0.25 m in diameter.
The vertical weighted stainless steel emitting
wire is 3 mm in diameter and the polarity can be 
altered in the transformer-rectifier to be either 
negative or positive polar i ty. The collecting
9electrode which is 2.34 m in area is earthed and 
the flue gas velocity is controlled between 1-2 
m/sec by means of a bypass system. The 
collecting electrode and emitter are rapped 
normally and in shear respectively by tumbling
hammers every two minutes and thus dislodged dust 
falls to a collecting hopper.
The flue gas in excess of that required for the
precipitators is put through a cyclone to remove 
most of the fly ash and then passed through a
- 6 5 -
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Figure 3.5 Pilot scale tubular electrostatic
precipitators.
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Figure 3.6 Single stage precipitator
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jacket surrounding the precipitator. This jacket 
and the lagging on the outside of the
precipitator limit the temperature differential 
across the precipitator.
3.10 Power Supply
Power to the discharge electrodes is supplied from 
solid-state transformer rectifiers, each of which has 
a maximum rated output of 46 kV and b mA at full wave 
rectification.
Power to the precipitator can be manually varied using 
a variac transformer in the primary power supply and 
voltages can be set between zero and breakdown. 
Secondary current and voltage are measured directly, 
the latter being via an oil-immersed 500 megaohms 
resistor between the high tension terminal and the 
voltmeter.
3.11 Discharge Electrodes
Various shapes of discharge electrodes have been used. 
The most common has a circular configuration and the 
discharge from this electrode occurs at surface 
defects on the electrode.
Various diameters of electrodes have been used, 
positive polarity being more effective with smaller 
diameter discharge electrodes.
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Another type tested is a square twisted bar and 
discharge occurs from this electrode at the sharp 
corners.
3.12 Precipitator Cleaning
Before tests can be carried out on a coal ash, the 
precipitator is washed, as deposits of ash left on the 
wires and plates from previous coals will give 
incorrect results. The furnace and the pipes leading 
to the precipitator are also cleaned. Although no ash 
remains in the precipitator after cleaning there is 
still a cohesive layer of iron oxide on the collecting 
and discharge electrodes. This will affect the 
voltage and current readings, but the oxide layer is 
reasonably consistent through all of the tests and 
therefore its effect can be ignored. Results on full 
scale plant would also be affected in the same way. 
Once the precipitator has dried, voltage current 
characteristics can be measured.
3.13 Electric Characteristic Measurement
(i) Manual Recording
The electrical characteristics are obtained by 
manually setting the voltage at step readings 
from zero upwards, and reading and recording the 
amount of current after allowing for the current 
surge to disappear. Once the voltage reaches
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20 kV the three precipitators, which up till now 
have had their current raised simultaneously, are 
set on 20 kV and the third precipitator raised to 
flashover voltage in steps of 1 or 0.5 kV. The 
second stage and then the first stage are brought 
up to the flashover voltage respectively.
The voltages are then set at approximately 1 kV 
below the flashover voltage and the voltage on 
all stages reduced in kV steps down to zero 
voltage. In some cases the voltage current curve 
is very similar up and down (low resistivity
dusts) in other cases the voltage current curve 
up and down are very different (high
resistivity).
(ii) Automatic Recording
The same procedure was adopted as for the manual 
recording, except that the voltage and current 
are plotted on an XY Plotter. Because of the 
large range of current variation, a log convertor 
which was developed by T. Lange (CSIRO) was used 
to convert the current to a log scale so that the 
current could be recorded on the chart. 
Hysteresis loops were obtained and also showing 
on the charts were the surges of current as the 
voltage was increased in steps.
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3.14 Cathode Ray Oscilliscope Probe
This probe (Figure 3.7) was designed to measure the 
instantaneous current arriving at a small area of 
insulated collecting plate in the single stage 
electrostatic precipitator (Figure 3.6).
The insulated plate area is 0.023 m2 and the total
9
collecting plate area is 2.40 m . Thus the total 
current arriving at the collecting electrode should be 
104 times the current detected at the insulated 
collecting plate.
The current arriving at the insulated plate passes 
down a copper shielded copper teflon wire to a cathode 
ray oscilliscope which displays the instantaneous 
current form. A Polaroid Land Camera is fitted to the 
Cathode Ray Oscilliscope to photograph the current 
characteristics obtained from different fly ashes and 
flue gas additives.
The current characteristics obtained from the probe 
are shown in Appendix A3.1.
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CHAPTER 4 - ELECTRICAL PERFORMANCE DIAGRAM
S i mp l e  mathemat i ca l  e q u a t i o n s  are used to model the main 
e l e c t r i c a l  c h a r a c t e r ! s t i c s  of  the p i l o t  s c a l e  e l e c t r o s t a t i c  
p r e c i p i t a t o r .
These e q u a t i o n s  are then used f o r  c o n s t r u c t i o n  of  the 
e l e c t r i c a l  per formance  d i agram which i s  s ub s e que n t l y  used 
to determine e l e c t r i c a l  p r o p e r t i e s  of  the p r e c i p i t a t e d  ash 
by making s i mp l e  v o l t a g e  and c u r r e n t  measurements.
4.1 V o l t a g e - C u r r e n t  C h a r a c t e r i s t i c s
The f i r s t  s tep in c o n s t r u c t i o n  of  the d i agram i s  
d e t e r m i n a t i o n  of  the r e l a t i o n s h i p  between a p p l i e d  
v o l t a g e  and corona c u r r e n t  of  the i n t e r e l e c t r o d e  gas  
space f o r  dus t  f ree  c o n d i t i o n s .
DISCHARGE ELECTRODE - ve
F i g u r e  4.1:  E q u i v a l e n t  c i r c u i t  r e p r e s e n t a t i o n  of
i n t e r e l e c t r o d e  gas gap and depos i t ed
d us t  l a y e r .
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Although actual voltage and current are not steady, 
(they are cyclic periodic functions) average values 
have been measured and used for the model
development.
The mathematical model developed, is based on the 
simple equivalent circuit shown in Figure 4.1. The 
interelectrode gap is represented by the strongly 
non-linear resistance and the effective resistance 
of the deposited layer by R^.
4.2 Dust Free Characteristics
Interelectrode resistance Rg is calculated from 
voltage-current density (V-J) characteristics of the 
dust free pilot precipitator. These dust free
conditions are achieved by washing and drying the 
precipitator and using natural gas as the source of 
hot flue gas.
Excellent agreement is obtained between the 
experimental V-J characteristic curve (Figure 4.2) and 
values calculated from the solution of Poisson's 
equation. The development of Poisson's equation is 
covered in Section 2.4 and Section 5.4.
The only unexpected feature of the measured 
characteristic is the presence of a small current at 
voltages well below the normal corona onset. The 
cause of the small current is examined in Section
2.3.
- l h -
4.3 E f f e c t  of  Dus t  La y e r s  on E l e c t r i c a l  C h a r a c t e r i s t i c s
Only  the t e r m i n a l  or e x t e r n a l  c h a r a c t e r i  s t i e s  of  the 
p r e c i p i t a t o r  can be measured d u r i n g  o p e r a t i o n .  
M o d i f i c a t i o n  of  t hes e  c h a r a c t e r i s t i c s  by d us t  bu i l d u p  
can be t h e o r e t i c a l l y  c a l c u l a t e d .
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From the e q u i v a l e n t  c i r c u i t  ( F i g u r e  4 . 1 )  the t e r mi n a l  
v o l t a g e  i s  g i v e n  b y :
Vt = Vg + Vd
= v g + pJd ........  (Eq 4 . 1 )
where
v g = gap v o l t a g e  and i s  a f u n c t i o n  of  c u r r e n t  
d e n s i t y
Vd = v o l t a g e  drop a c r o s s  d u s t  l a y e r  
J = c u r r e n t  d e n s i t y  
d = d u s t  l a y e r  t h i c k n e s s
F i g u r e  4.3  V-J c h a r a c t e r i s t i c s  showing  the e f f e c t
o f  the d e p o s i t e d  l a y e r  r e s i s t i v i t y .
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The d u s t  l a y e r  i n c r e a s e s  the t e r m i n a l  v o l t a g e  ( F i g u r e
4 . 3 )  , the e x t e n t  of  which depends on the dus t  
t h i c k n n e s s  and i t s  r e s i s t i v i t y ,  at  a s p e c i f i c  c u r r e n t  
d e n s i ty  .
4 . 4  S t r a i g h t  L i n e  R e p r e s e n t a t i o n  of  C l ean  V-J  
C h a r a c t e r i s t i c s
The c l e a n  V-J c ha r ac t e r ! '  s t i  c can be r e p r e s e n t e d  by a 
s t r a i g h t  l i n e  i n i t s  main o p e r a t i n g  range ( F i g u r e
4 . 4 )  . The l i n e  has a g r a d i e n t  of  A and i n t e r c e p t s  the 
a b s c i s s a  at  V Q (20.7  k V ).
c h a r a c t e r i s t i c s .
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4.5 Effect of Dust Layer on V-J Gradient
The current density over the main working range is 
given by:
J = A (Vg - V^) 
solving for the gap voltage Vg 
v = v 1 + A
9 Vo A ....
Substituting equation 4.2 in equation 4.1
for current density (J)
vt = (V 1 + p J d
A vt = A V 1 + 0 J + ApJ d
(A Vt - A
»"Ho>■ = J (1 + Apd)
A
J = ^vt - Vo
1 + Apd
(Eq 4.2) 
and solving
(Eq 4.3)
The new gradient of the V-J characteristics due to the 
dust layer is
____8_J____  - ___A---
(Vt - Vo1) 1 + Apd
i e 8 J 3Vt
where
A
1 + Apd
(Eq 4.4)
aJ = change in current density 
a vt = change in terminal voltage
Therefore the gradient of the dusty V-J characteristic 
line reduces as the product of p and d increases.
Lines for various values of dust resistivity at a 
constant value of dust thickness can be constructed 
using equation 4.1, Vq values from Figure 4.2 and an
assumed dust thickness (d).
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These l i n e s  are shown in F i g u r e  4.5 f o r  a dus t  
t h i c k n e s s  of  2 mm t o g e t h e r  wi th the c l ean  V-J 
c h a r a c t e r i s t i c ,  an ac tua l  dusty  V-J c h a r a c t e r i s t i c  and 
one l i n e  at  a dus t  t h i c k n e s s  of 4 mn f o r  compar i son.
F i g u r e  4.5 V-J gas  gap c h a r a c t e r i s t i c s  showing
the e f f e c t  of the depos i t ed  l a y e r  
resistivity.
F i g u r e  4.5 c l e a r l y  shows tha t  the o p e r a t i o n a l  
r e s i s t i v i t y  of  the dust  l a y e r  decreases  wi th i n c r e a s e  
in c u r r e n t  d e n s i t y ,  J ( i . e .  i n c r e a s e  in e l e c t r i c
field).
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These results are based on the assumption, that there 
is a negligible change in V-J character!’s ti cs of the 
i n terel ectrode gas space due to the dust build-up on 
the collecting plate, discharge electrode and in the 
gas space.
4.6 Maximum Voltage
Under normal circumstances in a precipitator, the 
maximum dust collection efficiency of the precipitator 
is obtained at the maximum voltage (terminal voltage), 
which is limited by either the interelectrode sparking 
intensity or maximum desirable current.
In the pilot precipitator sparking is the usual 
limiting factor and occurs as either normal breakdown 
or back corona sparkover.
4.7 Normal Breakdown
This is the breakdown that occurs with low resistivity 
dusts and is approximately equal to the gap sparkover 
voltage achieved with the clean V-J characteristics. 
For the pilot precipitator the gap sparkover voltage 
Vgb is approximately 29 kV at 1 2 0 ° c .
Variation of electrode geometry, gas temperature and 
composition and corona discharge polarity, will alter
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t h i s  magn i tude.  These parameter s  are d i s c u s s e d  in the 
r e l e v a n t  s e c t i o n  of  t h i s  t h e s i s .
The t e r mi n a l  v o l t a g e  at  breakdow, V ^ ,  i s  the sum of  
the gap v o l t a g e  at  breakdown and the v o l t a g e  drop 
a c r o s s  the d e p o s i t e d  dus t  l a y e r .
V tb = Vgb + V d ....  (E  ̂ 4 '5)
The va l ue  of  J b , c u r r e n t  d e n s i t y  at  breakdown i s
determined from F i g u r e  4.2 ( c l ean  charac ter ! ’ s t i  c s ) and
i s  2.4 mA/m2 ( F i g u r e  4 . 7 ) .
F i g u r e  4.6 E f f e c t  of  o p e r a t i o n a l  r e s i s t i v i t y  
and c o l l e c t i n g  e l e c t r od e  dust  
t h i c k n e s s  on termina l  v o l t a g e  in 
normal  breakdown mode.
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The breakdown te rmi na l  v o l t a g e  V^b i s  p l o t t e d  in 
F i g u r e  4.6.  Gap s pa r k ove r  v o l t a g e  Vgb and breakdown 
c u r r e n t  d e n s i t y  J b are c o n s t a n t  in t h i s  r eg i on  and 
breakdown te rmi na l  v o l t a g e  Vtb i n c r e a s e s  as 
o p e r a t i o n a l  r e s i s t i v i t y ,  p, and dus t  l a y e r  t h i c k n e s s ,  
d i n c r e a s e  ( equa t i on  4 . 5 ) .
C\J 2 . 0 .
1. 5 -
1.0.
0.5-
i « Q
i*io ixi o r*ioy
OPERATIONAL R E S I S T I V I T Y  - p - (ohm-m)
F i g u r e  4.7 Cur rent  dens i t y  in normal breakdown
mode.
4.8 Back Corona Onset
Back corona w i l l  occur  before the gap v o l t a g e  has 
reached i t s  normal breakdown va l ue  when dust  l a y e r  
o p e r a t i o n a l  r e s i s t i v i t y  i s  above a c r i t i c a l  va lue.
The c u r r e n t  d e n s i t y  at  the onset  of  back corona,  J c , 
i s  g i ven  by the equat i on
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J = —  ........ (Eq 4.6)c p
where
Ec = e l e c t r i c  f i e l d  a c r o s s  the dust  l a y e r  at  
which breakdown occur s  and back corona i s  
e s t a b l i s h e d
p = o p e r a t i o n a l  r e s i s t i v i t y  at  e l e c t r i c  f i e l d  
Ec
The v a r i a t i o n  of  c u r r e n t  d e n s i t y  at  the onset  of back 
corona has been p l o t t e d  as a f u n c t i o n  of o p e r a t i o n a l  
r e s i s t i v i t y  at  v a r i o u s  l e v e l s  of e l e c t r i c  f i e l d  
( F i g u r e  4 . 8 ) .
F i g u r e  4.8 Back corona onset  cu r r en t  d e n s i t y  as
a f u n c t i o n  of o pe r a t i o n a l  r e s i s t i v i t y
and e l e c t r i c  f i e l d .
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J c i s  c a l c u l a t e d  from equa t i on  4.6 f o r  a g i ven  
o p e r a t i o n a l  r e s i s t i v i t y  (p)  and e l e c t r i c  f i e l d  a c r o s s  
the dus t  l a y e r  ( Ec ) - By then u s i n g  the dus t  f ree V-J
c h a r a c t e r i s t i c s  in F i g u r e  4.2,  the gap v o l t a g e  (V )
9 c
may be found at  back corona onset  ( F i g u r e  4 . 9 ) .
F i g u r e  4.9 De termi na t i on  of Vgc from V-J
c h a r a c t e r i s t i c s .
The te rmi na l  v o l t a g e  ( Vt c ) i s  then determined by 
ad d i n g  the v o l t a g e  drop a c ro s s  the dust  l a y e r  to Vgc
vtc = V  + d Ec ........ tE(i 4 * 7)
VO
LT
AG
E
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Variation of Vgc and V t c with 
for various dust thickness 
plotted in Figure 4 .1 0 .
operati onal 
and electric
resistivi ty 
fields are
F i g u r e  4.10 V a r i a t i o n  of gap v o l t a g e  and termina l
v o l t a g e  wi th o pe r a t i o n a l  r e s i s t i v i t y  
at  d i f f e r e n t  l e v e l s  of dust  l a y e r
t h i c k n e s s  and e l e c t r i c  f i e l d .
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The onset of back corona can easily be detected by the 
abrupt change in the gradient of the measured V-J 
characteristic which results from the increase in 
current due to the positive flow from the collecting 
plate to the discharge electrode.
4.9 Sparkover Caused by Back Corona
Sparkover usually occurs at a voltage slightly above 
the value at which back corona is initiated.
This may be expressed as
Vtb = Vtc + Vx (Eq 4.8)
where
Vx = additional voltage above vtc to cause 
a rk i n g .
Vx is usually in the order of 0 to 7kV, but under 
special conditions, (eg flue gas additives) may be 
higher.
The magnitude of the additional voltage, Vx, depends 
on several factors and one of the most important 
appears to be the intensity of the back corona 
discharge. This has to be sufficiently vigorous to 
enable it to propogate streamers into the gap and 
initiate the spark.
An increase in the voltage level after the formation 
of back corona will result in a corresponding increase 
in the gap voltage. The sharp increase in the corona 
current once back corona is formed is due to the 
positive ion flow from the dust surface to the
- 8 6 -
d i s c h a r g e  e l e c t r o d e .  S i nce  t h i s  a d d i t i o n a l  c u r r e n t  
f l o w s  through  the i s o l a t e d  d i s c h a r g e  p o i n t s  on the 
p r e c i p i t a t e d  dus t  l a y e r ,  i t  does not cause any
s i g n i f i c a n t  change in the v o l t a g e  drop a c r o s s  the 
l a y e r  which has to remain r ea sonab l y  c o n s t a n t  in order
F i g u r e  4.11 A d d i t i o n a l  vo l t a g e  ( Vx ) between back
corona onset  and f l a s h o v e r  p l o t t e d  
a g a i n s t  back corona onset  v o l t a g e .
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The v a l u e s  of  V have been determined from ac tua l  Y-JX
c h a r a c t e r i s t i c s  and v a l u e s  range from 0 to 7 kV 
( F i g u r e  4 . 1 1 ) .
S c a t t e r  of  the v a l ue s  in F i g u r e  4.11 i s  caused by 
d i f f e r e n t  dus t  t h i c k n e s s e s  on the c o l l e c t i n g  
e l e c t r o d e .  The f i n a l  e l e c t r i c a l  per formance diagram
120°C
F i g u r e  4.12 E l e c t r i c a l  performance diagram at
120°C.
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i s  c o n s t r u c t e d  as suming  Ec eq ua l s  3 x 106 v o l t s  cm“1 , 
d eq ua l s  2 mm ar\d Vx determined f o r  each va l e  of  Vtc 
f rom F i g u r e  4.11.  F i g u r e  4.12 i s  then the completed  
e l e c t r i c a l  per formance d i agram at  120°C wi th no f l ue  
gas  a d d i t i v e s .
F i g u r e  4.13 shows some t y p i c a l  V-J c h a r a c t e r i s t i c s  of  
d i f f e r e n t  f l y  ashes  and these are compared wi th the 
dus t  f ree  gap c h a r a c t e r i s t i c  and t h e i r  o pe r a t i o n a l  
r e s i s t i v i t y  c a l c u l a t e d  from F i gu re  4.12 ( e l e c t r i c a l  
per formance d i a g r am) .
TERMINAL VOLTAGE - V t (kV)
F i g u r e  4.13 Measured V-J c h a r a c t e r i s t i c s  of
d i f f e r e n t  f l y  ashes  compared wi th the 
d us t  f ree c h a r a c t e r i s t i c s .
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In Figure 4.13 curve A is from a conditioned fly ash 
and exhibits all the characteristics of a relatively 
low resistivity fly ash. It does not exhibit the 
presence of any back corona and follows very closely, 
the dust free gas characteristics. The displacement 
of the curve to the right is due to the voltage drop 
across the deposited dust layer together with possible 
effects of the conditioning agent on space charge and 
dust. Normal gap breakdown has occurred and 
approximate operational resistivity is 3 x 108 ohm-m. 
Curve B is a dust which is reasonably easy to collect. 
The back corona onset occurs at about 33 kV and the 
operational resistivity is about 1010 ohm-m with a 
dust layer thickness of about 2 mm.
Curves C and D represent characteristics of very high 
resistivity fly ashes. For both of these ashes the 
precipitator is operating with very low currents. The 
fly ash represented by C has resistivity in the order 
6 x 1018 ohm-m and a dust layer thickness less than 2 
mm. Fly ash D has an even higher resistivity, going 
into the back corona mode at a current density (Jc ) of 
0.004 amps/m . Its operational resistivity must be in 
the order of 1012 ohm-m.
4.10 Electrical Performance Diagram Accuracy
The accuracy of the Electrical Performance Diagram 
depends on the correct measurement of the 
interelectrode gap characteristics and on the
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validity of the assumptions made in developing the 
basic equations.
The most critical assumption is the shape of the 
current density - operational resistivity curves 
(Figure 4.7 and 4.8). The value of the line J^ in
Figure 4.7 is easily measured and is reasonably
accurate. The shape of the Jc curve in Figure 4.8 
depends on the assumed value of the electric field at 
which corona is established. Values of 2 x 106 and 8 
x 106 volts per metre have been used in Figure 4.8.
The maximum error in the value of Ec, if these values
are incorrect, is 30%.
The clean electrode V-J characteristic is also 
important as it gives the electrical properties of the 
surface of the dust layer to the discharge wire.
Contamination of the discharge electrode and presence 
of charged suspended particles can give results which 
will move the V-J character!* sti c to the right. This 
problem has been largely overcome in these experiments 
by thorough electrode cleaning and by using the 3rd 
stage of the multistage precipitator, where space 
charge effects are minimal.
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CHAPTER 5 - TEMPERATURE EFFECTS
The effects of the precipitator temperature in the range 
30°C to 400°C on the electrical character!* stics are 
examined in this chapter. The electrical performance 
diagram developed in Chapter 4 will be extended to include 
the temperature effects.
Corona onset voltage is calculated using an extended 
Poisson equation and then compared with actual experimental 
results. Peek's and Laplace's equations are used to 
determine the discharge electrode wire roughness factor and 
the mobility (y) of air at 30°C.
5.1 Thermal Ionisation
The gas in a precipitator is normally an insulating 
medium which becomes conductive through ionisation. 
In the electron avalanche process the ionisation 
energy is supplied by the applied electric field. Any 
source of energy such as thermal energy can be 
utilised for i oni sati on , with the average energy 
of the molecule being related to the absolute 
temperature by Boltzman constant. The molecules with 
energies greater than the ionisation potential of the 
gas will be ionised and provide charge carriers for 
conduction.
The number of thermally ionised molecules is described
by the Sale equation.
/w2 x 5050 V.
1 0 9 1 0  ( I ^ 1 ) = '  + 2 '5 10910  T  ’  6 ' 5 < E q ' 5-11
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where
x = fraction of molecules thermally ionised 
P = absolute pressure-atmospheres 
V.j = ionisation potential in volts 
T = absolute temperature
At a temperature of 800°C the fraction of thermal ions 
for oxygen with an ionisation potential of 13.6 volts 
is about 10"01 which is very low. Thermal ionisation 
can therefore be neglected in the temperature range, 
30°C - 400°C covered in this chapter.
5.2 Temperature Modification to Corona Onset and 
FIashover
Temperature and pressure do modify corona starting and 
sparkover potentials. The avalanche process is caused 
by electrons having sufficient time between inelastic 
collisions to be accelerated to a fast enough velocity 
to ionise the gas and therefore the potential 
necessary to start corona is related to the density of 
the host gas (equation 5.2).
An increase in temperature at constant pressure 
results in decreased density and therefore a larger 
mean free path and increased mean free time. This 
increased mean free time requires a lower electric 
field to accelerate the electron to the ionisation
velocity.
T P
d i  = d o x p ^  —  ( E q * 5 , 2 )
-93-
whe re
dl = gas density at absolute temperature Jl and 
pressure
do = gas density at absolute temperature Tq and 
pressure PQ
If pressure is kept constant 
T,
dl d0 T
0
1
....  (Eq. 5.3)
Therefore a decrease in gas density will be caused by 
an increase in temperature which in turn will result 
in a reduction of corona onset voltage. Actual tests 
carried out by Shale^^^ (Figure 5.1) shows a decrease 
in corona onset voltage with decrease in temperature, 
at constant pressure (1 atmosphere).
In negative corona, Shale has shown that effective ion 
mobilities increase due to the following factors.
(1) At constant gas temperature and field strength, 
ion mobility increases with decreasing gas 
density. The increased mobility is caused by an 
increase in average velocity of the current 
c a r r i e r s .
(2) At constant density and field strength ion 
mobility increases with increasing temperature. 
This is caused by an increase in the number of 
free electrons in the vicinity of the wire due to 
increase in thermionic emission and to increased 
secondary emission from positive ion impaction on 
the corona wire. The increase in mobility with
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i n c r e a s i n g  temperature has been conf i rmed by 
Kahane in a p o i n t  to pl ane exper iment ,  where 
f l a s h o v e r  decreased from 22 kV to 11 kV from a 
temperature i n c r e a s e  from 20°C to 200°C us i ng  
n e g a t i v e  po l a r  i t y .
F i gu re  5.1 V a r i a t i o n  of corona s t a r t i n g  vo l t age
( 4 4 ) >wi th temperature
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(3) At constant temperature and gas density ion 
mobility increases with increasing field strength 
due to increased secondary emission from positive 
ion impaction on the corona wire. The
availability of these additional electrons and 
the presence of a high field again result in 
their travelling further towards the collecting 
plate before being captured by inelastic 
collission, with an electronegative gas
molecule.
Since the current in the i n terel ectrode space is the 
product of the charge, effective mobility and field 
strength, the apparent increase in mobility results in 
increased current. Consequently for negative corona, 
the V-J curves would be altered towards higher current 
densities at lower voltage and this is confirmed by 
experimental results late in this chapter.
In negative corona, the presence of negative ions near 
the corona wire provides a space charge which limits 
the field near the wire and serves to stabilise the 
discharge. However with low gas densities the highly 
mobile, free electrons move rapidly away from the 
corona wire and are not effective in providing a 
stabilising space charge until they are captured by 
electronegative gas molecules. The electrons 
therefore move a longer distance before capture at low 
gas densities, the space charge effect is reduced and 
the current rises more rapidly than at higher gas 
densities. Thus sparkover occurs at reduced voltage.
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In the experimental results the predicted increase in 
current with temperature occurred but the decrease in 
flashover voltage did not occur. The flashover 
voltage at 100°C was 27.9 kV and at 400°C 30 kV. A 
possible reason for this discrepancy could be a slight 
variation of gas composition or pressure differential 
when obtaining the clean V-J characteristics.
5.3 Effect of Gas Composition on Mobility
The motion of an ion acted upon by an electric field 
is impeded by repeated collissions with gas molecules 
in its path. The average drift velocity of the ion, 
V.j (m/sec) is related to the field E (V/m) by the 
equation
V1 = bE ....  (Eq 5.4)
where
b = constant of proporti onal i ty (( m2/( sec-V ) ) or 
m o b i 1 i ty
The practical importance of this quality in 
precipitation studies arises in calculating V-J 
characteristics and other electrical relationships 
involving the corona discharge. Theoretical 
expressions for mobility have been derived using the 
kinetic theory of gases, but mobilities calculated in 
this manner are unreliable and experimentally obtained 
data should be used(21). Table 5.1 gives a selection 
of mobilities for positive and negative ions in their 
parent gas but these values must be used with caution 
because small quantities of impurities have a 
pronounced effect on reducing this value.
-97-
The mobility is proportional to the mean free path and
experimentally it has been found that mobility is
almost inversely proportional to the gas density over
a wide temperature and pressure range, 
b
Thus h = 2̂. ....  (Eq 5.5)
where
bQ = mobility at standard conditions 
6 = gas density relative to standard conditions
(i.e. 6 = 1 at 0°C and 1 atmosphere) and is found from
6 = r f-273 ....  ‘E«t 5-6)
where
T = temperature (°C) 
pa = pressure in atmosphere
There are situations in which apparent ion mobility is 
much higher than given in Table 5.1 and manifests as 
high corona current.
5.4 Calculated Corona Onset Voltage
The current and voltage relationship in a concentric 
wire and cylinder electrode system are such that a 
metermatical relationship can be derived from 
Poisson’s equation
....  (Eq 5.7)a 2v = =£■
£o
which for cylindrical coordinates reduces to
1^- + i P- + 0 ....  (Eq 5.8)
dT7 r dr £o
Further substitution and simplification of Poisson's
equation gives the corona onset voltage equation
‘ Tt-
= C { /  1+c{? -  /  1+d;2 - In > (Eq 5.9)c
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where 1
= r. ( Ji F2
C ( 2ireoy ) .......  (Eq 5.10)
J1 = c u r r e n t  d e n s i t y / u n i t  l eng th  of e l ec t rode
eQ = 8.85 x 1 0 " 12
. ... 273+T
u = m o b i l i t y  = x uo
^0 
when
I = 0
C =
= 2.2 x 10 -4 ( NTP )
In r2/rx (Eq 5.11)
Assume a va lue of Vc and s u b s t i t u t e  i t  in equat i on  
5.11.  Then take the c a l c u l a t e d  value of C and a value  
of  J obt a i ned  from the V-J c h a r a c t e r i c  at  122°C 
( F i g u r e  5.2)  and s u b s t i t u t e  in equat i on 5.9.  I f  the
V
Figure 5.2 Clean V-J character!' sti cs at various
t emper a t u r es .
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va l ue  of  the v o l t a g e  o b t a i ne d  from t h i s  s u b s t i t u t i o n  
i s  the same as the v o l t a g e  o b t a i n e d  from the V-J 
c h a r a c t e r i s t i c  curve then the assumed va l ue  of  Vc i s  
c o r r e c t .  I f  the v o l t a g e  o b t a i ned  a f t e r  s u b s t i t u t i o n  
i n  e q ua t i on  5.9 does not agree wi th the v o l t a g e  from 
the V-J c h a r a c t e r i s t i c  then another  v o l t a g e  va l ue  i s  
chosen and s u b s t i t u t e d  in e qua t i on s  5.11 and 5.9 u n t i l  
agreement  i s  ach i eved.
F i g u r e  5.3 Clean V-J c h a r a c t e r i s t i c s  e x t r a p o l a t e d
to zero c u r r e n t  to obt a i n  corona onset
voi  t a g e .
» 1 0 0 -
A worked example of  t h i s  t echn i que  i s  c o n t a i n e d  in 
Append i x  A5.1.
The exper i ment a l  V-J c ha r ac t e r ! “ s t i  c s , some of  which 
are p l o t t e d  in F i g u r e  5.2,  are l i s t e d  in Table  A5.2 
f o r  t emper a t u r es  from 30°C to 289°C. The exper imenta l  
Y-J c h a r a c t e r ! ’ s t i  cs  have been averaged f o r  each 
t empera ture  and are l i s t e d  in Table  A5.3.
Figure 5.4 Corona onset  v o l t a g e ,  Vc , at  v a r i o u s  
p r e c i p i t a t o r  t e mp e r a t u r e s .
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The voltage and current density values at each 
temperature (from Table A5.3) are plotted in Figure 
5.3 and the straight section of the medium current 
region extrapolated to zero to determine corona onset 
voltage (Yc) at each temperature.
These values of corona onset voltage are listed in 
Table A5.4 for each temperature and plotted in Figure 
5.4. Linear regression of these values (except the 
30°C value) was carried out to determine the best line 
for wire roughness determination. The drop in corona 
onset voltage with increasing temperature agrees with 
equation 5.3 and the work done by Shale^44 .̂
5.5 Calculation of Wire Roughness Factor
The discharge electrode wire roughness factor can be 
calculated from the corona onset voltage (V c ) plotted 
in Figure 5.4, by substituting specific temperature 
(122°C and 400°C) values in Peek's and Laplace's 
equations.
Peek's equati on
E. = 31 mp (1+0^308) kV/cm ....  (Eq 5.12)
C /TFT
where
Ec = electric field strength
m = roughness factor of discharge electrode
_ 3.92x76 
p " (273+T)
r̂  = discharge electrode radius
- 1 02-
eg
E122 = 31 m x 0.7542 (1 + 0.308
/ 0.7542x0.14
)
= m x 45.542 kV/cm 
= m x 45.542xl05 V/m
The voltage required to obtain an electric field at 
the surface of the discharge electrode r^, is given by 
Laplace's equation
vc = rl Ec ln rf ....  (E«« 5 -13)
where
Vc = corona onset voltage
r^ = discharge electrode radius
r2 - collecting electrode radius
Ec = electric field strength at corona onset
Vi22 = Ei22 x 1>4 x 1 0 " 3 x 3-997 
= 25484 m volts
but
Vi22 = 20900 volts (Figure 5.4) 
therefore 
25484 m = 20900 
m = 0.820 
For T = 400°C
p = 0.4427, Ec = mx 30.7 x 105 V/m 
Vc = 13200 V (Figure 5.4) 
i . e.
17179 m = 13200
m 0.768
-103-
Average roughness factor (m ) of discharge electrode
over test temperature range
= 0.820 + 0.2682
= 0. 794
Therefore the average roughness factor of the
discharge electrodes of the PF II rig precipitator 
(third stage) is 0.794.
5.6 Calculation of Air Mobility
Flue gas generated from either natural gas or town gas 
combustion has been used from all clean V-J
characteristics measurements except for 30°C, where 
air has been used. By substituting temperature and 
roughness factor in Peek's and Poisson's equations the 
corona onset voltage and V-J characteristic for flue 
gas at 30°C can be determined (curve A, Figure 5.5). 
This calculation is carried out in detail in Appendix 
A5.2.
By using experimental values from the actual V-J 
characteristics (Curve B, Figure 5.5) with air at 30°C 
and substituting different values of mobility until 
the Poisson equation balances, an experimental value 
of mobility of air can be determined.
This calculation has been carried out in Appendix A5.2 
and the resultant air mobility is 2.53 x 10"4. This 
mobility value is consistent with literature data^21  ̂
which gives a value for very dry air of 2.5xl0-4 at 
N.T.P. (Table A5.1) compared to 2.2 x 10~4 for flue
gas.
C
U
R
R
EN
T
 
D
E
N
SI
T
Y
 
- 
J(
m
A
/m
- 1 0 4 -
Curve A has been c a l c u l a t e d  for  f l ue  
gas and Curve B i s  actual  measured 
air value.
5.7 V a r i a t i o n  of E l e c t r i c  F i e l d  S t reng th  with Temperature 
at  Back Corona Onset
The va lue of  the e l e c t r i c  f i e l d  s t reng th  at  each 
temperature i s  r equ i red  for  the c o n s t r u c t i o n  of the 
e l e c t r i c a l  performance diagram.  A value of 3 x 106 
v o l t s  per metre i s  assumed for  e l e c t r i c  f i e l d  s t reng th  
( a t  back corona onset )  at a temperature of 120°C. The 
e l e c t r i c  f i e l d  s t r eng t h  at  other  temperatures  can be 
c a l c u l a t e d  by s u b s t i t u t i n g  va lues  in Peek ' s  equat i on.
E
L
E
C
T
R
IC
 
F
IE
L
D
 
ST
R
EN
G
T
H
 
(E
 
AT
 
B
A
C
K
 
CO
RO
N
A
 
O
N
SE
T
-1 0 5 -
eg. f o r  290°C
F 0.3081
290 _ 31 m x 0.5301 (1 + / ~ 0 . 5301 x 0.14)
E-, 9n 31 m x 0.7542 ( 1 + 0.3081 J
/  0.7542 x 0.14
S i m p l i f y i n g  g i v e s
E29 q = 2.306 x 106 v o l t s / m
Va l ues  of  e l e c t r i c  f i e l d  s t r en g t h  over a wide 
t empera ture  range have been c a l c u l a t e d  u s i n g  Peek ' s  
e qua t i on  and are l i s t e d  in Table A5.5 and p l o t t e d  in 
F i g u r e  5.6.
A c c o r d i n g  to bench s ca l e  t e s t s  c a r r i e d  out by P. Goard 
at  C . S . I . R . O .  North Ryde, Ec va l ues  as low as 2 x 106 
v o l t s  per metre at  back corona onset  can occur.  
S t a r t i n g  wi th a va lue of  2 x 10^ v o l t s  per metre at  
120°C v a l ue s  of  Ec have a l s o  been c a l c u l a t e d  and 
t a b u l a t e d  f o r  temperatures  between 30°C and 400°C.
(EC ) with temperature.
Figure 5.6 Variation of electric field strength
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5.8 Clean V-J Character ! '  s t i  cs
C o n s t a n t  v o l t a g e  l i n e s  f o r  h i gh and low c u r rent  
d e n s i t y  r e g i o n s ,  u s i n g  l i n e a r  r e g r e s s i o n ,  from the 
average  V-J c h a r a c t e r i s t i c  l i s t e d  in Table A5.3 f o r  
each temperature.
Figure 5.7 Cur rent  dens i t y  ver sus  temperature at  
s e t  vo l t a g e  l i n e s  (18-35 k V ) .
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F i g u r e  5.8 Cur rent  dens i t y  ver sus  temperature at
s e t  v o l t a g e  l i n e s  (10-16 k V )
The maximum c u r r e n t  obt a i ned  j u s t  before f l a s h o v e r ,  
f rom Table  A5.2 data,  was p l o t t e d  a g a i n s t  the 
p r e c i p i t a t o r  temperature and the bes t  l i n e  
determi  ned .
Va l ues  of  maximum c u r r en t  dens i t y  at  100°C, 200°C,
300°C and 400° C were determined from F i gu r e  5.9 and 
recorded  in Table A5.6.  These va l ues  of cur rent  
d e n s i t y  and temperature were then p l o t t e d  as a broken 
l i n e  on F i g u r e  5.7 and the v o l t a g e  determined at  
maximum c u r r en t  d e n s i t y  by the p r o p o r t i o n a l  d i s t a nc e  
of  the broken l i n e ,  at  each temperature from the set  
v o l t a g e  l i n e s .  The va l ues  of maximum vo l t a g e  at each 
t empera ture,  determined from F i gure  5.7 are recorded  
i n  Tab l e  A5 .7.
- 1 0 8 -
F i g u r e  5.9 Cur rent  dens i t y  at maximum v o l t a g e
j u s t  p r i o r  to f l a s h o v e r .
5.9 Normal Breakdown Region of E l e c t r i c a l  Performance  
Diagram
The normal breakdown reg i on  of the e l e c t r i c a l  
per formance diagram was c ons t r uc t ed  f o r  temperatures  
Of 100°C, 200°C, 300°C and 400°C.
-1 09-
The values of and Vgb have been determined in the 
previous section and are listed in Table A5.6 and 
Table A5.7 respectively.
Assuming a dust thickness of 2 mm the value of the 
terminal voltage at breakdown (V.^) was determined 
using equation 4.5. Values of Vtb are tabulated in 
Table A5.8. The normal breakdown region of the 
electrical performance diagram was then constructed at 
each of the temperatures using the data listed in 
Tables A5.6, A5.7 and A5.8 (Figure 5.10).
5.10 Back Corona Region of Electrical Performance Diagram
The back corona onset current (Jc ) was determined from 
each voltage, using linear regression an selecting 
temperatures of 100°, 200°C, 300° and 400° (Table
A5.3) . Thi s was then used to calculate the gap
voltage ( vgc ) and back corona onset voltage (Vtc)
using Ec from equation 5.2 and assuming a dust
thickness of 2 mm (Table A5.9) . The assumed value of
E was 3.0 x 106 volts per metre at 120°C.
The additional voltage above back corona onset to 
cause sparking (Vx ), is dependent on the back corona 
onset voltage. The value of Vx determined in Chapter 
4 against back corona onset voltage should be 
applicable for all temperatures between 100°C and 
400°. Back corona onset (Vtc) was plotted against 
(Vx ) (Figure 5.11) for all temperatures and confirmed 
that the relationship between Vtc and Vx is
independent of temperature.
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F i g u r e  5.10 Temperature E l e c t r i c a l  Performance
Diagram at  100°C, 200°C, 300°C 
and 400°C.
- I l l -
U s i n g  the v a l u e s  of  Vx determi ned  from F i g u r e  5.11 the  
v a l u e s  of  f l a s h o v e r  v o l t a g e  ( V t b ) at  each back corona  
o n s e t  v a l u e  were determi ned  ( Ta b l e  A5.10)  and p l o t t e d  
on F i g u r e  5 .10.  The compl ete  Temperature  E l e c t r i c a l  
Pe r f o r ma nc e  D i ag ram can now be c o n s t r u c t e d  ( F i g u r e  
5 . 1 0 )  a t  the f o u r  t e mp e r a t u r e s .  The d i agram can be 
used to p r e d i c t  e l e c t r i c a l  c h a r a c t e r i s t i c s  and
pe r f o r ma nce  of  f l y  ash at  400°C (a temperature  
u n a t t a i n a b l e  on the p i l o t  r i g )  from data o b t a i ne d  at  
120°C .
F i g u r e  5.11 V a r i a t i o n  of  a d d i t i o n a l  v o l t a g e ,  Vx ,
wi th  back corona onset  v o l t a g e ,  Vt c , 
a t  a l l  t empera tures
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CHAPTER 6 - FLUE GAS ADDITIVES
The effects of flue gas additives on the electrical 
characteristics of a pilot scale precipitator are examined 
in this chapter. Electrical Performance Diagrams will be 
developed for ammonia, sulphur trioxide and triethyl amine 
and the effective mechanisms of each discussed along with 
their effect on in situ dust resistivity.
6.1 Chemical Conditioning Mechanisms
Chemical conditioning may improve the collection 
character!'s ti cs of an electrostatic precipitator by 
modifying either, (A) the particulate adhesieveness, 
to increase particle size and reduce rapping 
rei ntrai nment losses, (B) the electrical resistivity, 
to allow improved electrical collection forces, or (C) 
the electrical conditions within the interel ectrode 
space, independent of resistivity modifications. Each 
chemical used for flue gas conditioning improves the 
electrostatic precipitator performance by usually 
utilising more than one of the three mechanisms above. 
The effect of each of the chemical additives studied 
on electrostatic precipitator character!'sti cs will be 
detailed later in this chapter.
6.2 Resistivity - Conduction
Two modes of conduction occur with fly ash, they are 
volume conduction and surface conduction. Volume
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conduc t i on  dominates  at  temperatures  above 204°c whi le  
s u r f a c e  conduct i on  dominates  f o r  temperatures  below 
149°C. At temperatures  between 149°C and 204°C both 
mechanisms of  conduct i on  are s i g n i f i c a n t .
F i g u r e  6.1 V a r i a t i o n  of r e s i s t i v i t y  and
conduct i on  mode wi th t e m p e r a t u r e ^ ^ .
6.3 Volume R e s i s t i v i t y
In the temperature range 315-455°C the low r e s i s t i v i t y  
ve r s u s  r e c i p r o c a l  ab s o l u t e  temperature curve i s  l i n e a r  
( F i g u r e  6.1)  and the r e s i s t i v i t y  i s  mainly  dependent
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on the volume conduction mechanism. The ash layer 
consists of spherical glassy particles with some 
crystalline material and combustibles dispersed in it.
S u r f a c e area and p o r o s i ty are related to size
d i s t r i b u t i o n , pa ck in g c h a r a c t e r i s t i c s and true
density.
B i c k e l h a u p t ^ 4 ^ of S .R . I . claims that when the
e l e c t r i c fiel d is applied the alkali metal ions
mi grate towa rd s the cathode to pick up e l e c t r o n s ,
while oxygen molecules are formed at the anode giving 
up electrons. The charge carrying alkali metal ions 
move through the ash particles and pass from particle 
to particle at the contact points.
Bi ckel h a u p t s a y s  that the factors which determine 
the insitu resistivity at these elevated temperatures 
are therefore alkali metal ion concentration, electric 
field strength, internal ash structure and the 
particle size distribution - porosity relationship. 
Higher temperatures add thermal energy to the charge 
carrying ions thus lowering the resistivity by
facilitating the ion motion in the ash layer under the 
influence of the electric field. The alkali metal 
ions are the principal charge carriers, therefore the 
higher their concentration the lower the resistivity. 
Higher field strength produces greater distortion of 
the ash particles which lowers energy levels required 
for ion migration thus resulting in lower 
resistivity.
The particle porosity which is influenced by
combustion, cooling conditions and by the presence of
-115-
el ements eg. iron etc., will give a lower resistivity
. for a lower porosity at a given particle size 
d i s t r i b u t i o n .
6.4 Surface Resistivity
Surface conduction can occur at temperatures up to 
315°C and is dependent on the specific ash and 
environmental conditions in the combustion chamber and 
the precipitator. Surface conduction begins at the 
temperature where the log resistivity versus 
reciprocal absolute temperature curve begins to 
deviate from a straight line (Figure 6.1). Surface 
conduction becomes more dominant as the temperature is 
lowered until at about 149°C and below, the 
resistivity is totally controlled by the surface 
phenomenon.
In a normal flue gas environment the surface
conduction is caused by the formation of an 
electrolytic solution of sulphuric acid on the surface 
and the presence is this electrolyte of alkali metal 
ions^^. The surface conduction is higher at lower 
temperatures because of the increased absorption on 
the ash particles and the decrease in sulphate ion 
removal due to the lower temperature reducing 
reactions with iron and alkali earth metal ions near 
the surface of the ash particles. An added increase 
in surface conduction (reduction in surface 
resistivity) can be achieved by adding chemicals to 
the flue gas.
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6.5 Resistivity Modification by Chemical Conditioning
The addition of certain chemical conditioning 
agents*46 ,̂ reduces the surface resistivity by being 
absorbed onto the surface of the ash particles and 
therefore increasing the electrolyte concentration on 
the surface. Some additives increase water absorption 
on the ash particle surface and therefore cause 
increased surface areas of the ash particle to become 
conductive. The effect of varying amounts of moisture 
in the flue gas on resistivity at different
temperatures has been studied by a number of workers 
( 47)(48) an(j the results obtained by Baker and 
Sullivan*4**) plotted in Figure 6.2.
Lowering of the surface resistivity by a chemical 
additive results in a higher operating voltage 
provided surface resistivity is the controlling limit. 
If this resistivity modification is the important
mechanism for a particular additive, then a rapid 
change in V-J characteristics would not occur once 
addition was started. The increase in operating 
voltage would only occur once a treated layer of ash 
had built up on the collecting electrode, i.e. removal 
of electrons to earth becomes more rapid.
The surface chemistry of fly ash has been studied in 
detail by Collin*49) (Figure 6.3). He has developed a 
layered structure to explain some of the reactions 
that occur between the flue gas, the outer electrolyte 
layer and outer fly ash layers and their resultant 
effect on resistivity.
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F i g u r e  6.2 Decrease of r e s i s t i v i t y  with decrease
in temperature and i ncrease  in f l ue  
gas moi s ture c o n c e n t r a t i o n ^ 4 8 .̂
The model has been f u r t her  dev e l o p e d ( 50 ) t0 
i n c o r p o r a t e  the e f f e c t s  on the p r e c i p i t a t o r
temperature and ag i ng  t ime, on the sur f ace  l ayer  of
the f l y  ash p a r t i c l e s  ( F i gure  6 .4 ) .
1 1 8 -
Flue gas  conta i n i ng  
gaseous  a c i d i c  
s u l phur  compounds
F i g u r e  6.3 Model of s ur f ace  of ‘ a l k a l i n e ’ f l y  ash
particle^49).
Ca ( 0H ) 2CaS0
Gl a 
Core
* ii
4
Flue
Gas
_U
F i g u r e  6.4 S e c t i o n s  through su r f ace  l a y e r s  of
f l y  ash p a r t i c l e s :  (a)  t y p i c a l  f resh  
c o l d - s i d e  p a r t i c l e ,  (b)  aged c o l d - s i d e  
p a r t i c l e ,  ( c)  f r e sh  h o t - s i d e  p a r t i c l e .
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6.6 Space Charge Modification by Chemical Conditioning
Certain chemical additives alter the electrical 
characteristics of the gas stream flowing between the 
corona wires and the collecting electrodes. This 
produces a space-charge enhancement of the electric 
field, by which the fly ash particles (51) are
initially charged and collected or recollected
following rapping re-intrainment. This enhancement of 
electric field occurs rapidly and is apparent from the 
improvement in the V-J characteristics. More electrons 
are captured by the gases (triethyl ami ne) thus 
building up a space charge and reducing current flow.
6.7 Particle Cohesiveness Modification by Chemical 
C o n d i t i o n i n g
Agglomeration of particles caused by chemical 
additives will enhance precipitator performance
because migration velocity will increase with increase 
in particle size (i.e. agglomerated particles) as 
shown by the extended Deutch equation^2).
Enhanced agglomeration on the collecting electrode can 
also occur and this leads to reduced reintrainment 
losses. This mechanism is particularly important for 
low resistivity ashes produced by the combustion of 
high sulphur coals. This agglomerating effect on 
precipitator performance(50 * is shown in Figure 6.5 
with both a no additive and a deaggl ornerating additive 
for comparison.
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w i th  <£V2 f or  two c a r r i e r  gas 
a d d i t i v e s  and no a d d i t i v e .  Bes t  
e f f i c i e n c y  at JL = 60 m2/m3 s e c " 1 
shown by v e r t i c a l  bars.
6.8 Su l phur  T r i o x i d e  C o n d i t i o n i n g
At a g i ven temperature approx i mate l y  1% of  the su l phur  
i n the f l u e  gas,  w i l l  be present  as su l phur  t r i o x i d e  
and the ba l ance as s u l phur  d i ox i de .  About 600-800 
p.p.m.  of  su l phur  ox i des  w i l l  be generated from each 
1% s u l p h u r  in the coa l .
The s u l phur  t r i o x i d e  can there f o re  be i ncreased  in 
f l u e  gas generated from low su l phur  c o a l s  by 
a d d i t i o n a l  i n j e c t i o n <45 } of  su l phur  t r i o x i d e  d i r e c t l y
i n t o  the f l u e  gas.
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The accepted mechanism of improvement is caused by the
reaction of sulphur trioxide with water to form 
sulphuric acid^46^ 49  ̂ which is absorbed on the 
surface of the flyash (Figure 6.3). This change in 
the chemical surface leads to a reduction in surface 
r e s i s t i v i ty .
Development of the use of sulphur trioxide was carried 
out by Lodge-Cottrel 1 Ltd. in Great Britian^^ and 
subsequent lowering of resistivity recorded.
Unsuccessful trials of sulphur trioxide injection 
reported by some w o r k e r s ^ ^ 54  ̂ with low sulphur 
coals were due to inadequate precipitator design or 
installation. In all cases where sulphur trioxide was 
i n j e c t e d ^ 5 ) # the resistivity of the fly ash
decreased.
With sulphur trioxide conditioning, uniform gas 
distribution above the acid dew point and a reasonable 
amount of residence time before the introduction of 
the particulate to the precipitator is required to 
give satisfactory results.
The amount of sulphur trioxide required to yield a 
given change in the electrical resistivity of the ash 
is dependent upon the chemical composition of the 
ash^49  ̂ and the temperature.
Ashes high in lime tend to require a larger quantity 
of sulphur trioxide to yield a given change in the 
resistivity. The results of experimental studies 
carried out at various plants, in the temperature 
range 110 - 160°C are graphed in Figure 6.6(45) which 
shows the variation of resistivity drop from different 
ashes at various sulphur trioxide injection rates.
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F i g u r e  6.6 E f f e c t  of su l phur  t r i o x i d e
c o n c e n t r a t i o n  and temperature on 
r e s i s t i v i t y  for  a number of d i f f e r e n t  
f l y  ashes  .
6.9 Ammonia C o n d i t i o n i n g
Ammonia c o n d i t i o n i n g  has been used s u c c e s s f u l l y  at  a 
number of  l o c a t i o n s  on f l y  ash generated from 
r a n g i n g  in s u l phur  from 0.2 to 4.0 p e r c e n t ( 5 1 ) .
coal
-  1 2 3 -
Baxter^53  ̂ reports that reaction occurs between the 
ammonia and flue gas to form liquid ammonium 
bisulphate in the temperature range 300-350°C.
CO o CO + n h3 + h2o -> nh4 so4
This is consistent with theory and experience of
Dalmon and Tidy (56) w|10 investigated the use of
sulfami c acid and ammonium sulphate conditioning of
fly ash. Both compounds were believed to be converted 
in this temperature range to a mist of ammonium 
bisulphate droplets which were subsequently attached 
to fly ash particles with a resultant improvement in 
precipitabi1ity. Solid ammonium bisulphate caused air 
heater fouling on certain full scale plants at 
temperatures below 150°c(3^.
Other workers^4 )̂ reported that very fine particulates 
of ammonium sul phate/ammoniurn bisulphate are formed 
from the ammonia/flue gas reaction and that these fine 
particles are subsequently electrically charged in the 
precipitator to form a significant electrical space 
charge. This space charge acts to effectively
increase the electric field adjacent to the collection 
electrode, to enhance the collecting force(51^(45^, 
and would be rapidly revealed by an improvement in the 
precipitators V-J characteristics(4^(46^.
Tests carried out on a full scale plant resulted in an 
almost immediate increase in the operating voltage 
from 38 kV to 46 kV on addition of 20 ppm of 
ammonia^45) and a corresponding drop in current 
density.
-  1 2 k -
The second effect of ammonia injection is that it 
increases the adhesivity (stickyness) of the particles 
and the precipitated ash layer^51  ̂ which would lead to 
an increase in particle capture at the collecting 
electrode^^. This increase in ash stickyness has 
caused problems in full scale plant where inadequate 
electrode rapping has allowed considerable build-up in 
the dust layer thickness and water washing is 
subsequently required to remove the dust build-up and 
allow for higher voltages to be retained^57^. 
Difficulties arising from the operation of 
precipitators below the acid dew point can be overcome 
by ammonia c o n d i t i o n i n g ^ ^  which leads to an increase
in resistivi ty by neutrali sati on of some of the
sulphur tri oxide or sulphuric acid. This was
confirmed by Paulson et al  ̂58 ), who obtained an
improvement in performance with ammonia conditioning 
and a decrease in performance with sulphur trioxide 
when conditioning copper convertor dust in a high 
sulphur oxides flue gas. The ammonia also increased 
the mechanical efficiency, indicating the formation of 
the sticky ammonium bisulphate on the particle 
surface.
No large drop in resistivity has been determined with 
ammonia injection during tests carried out by many 
workers. Laboratory tests by Goard^^ showed that on 
the same ash sample, 25 p.p.m. ammonia conditioning 
slightly lowered the resistivity and increased the 
current density, while the electric field strength 
remained the same.
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6.10 Tr i  e t hy l  ami ne C o n d i t i o n i n g
S u c c e s s f u l  t r i  e thy l  ami ne f l u e  gas c o n d i t i o n i n g  on 
p i l o t  s c a l e ^ 4 2 ) and f u l l  s c a l e ^ 7 )  p l a n t ,  show tha t  
under c e r t a i n  economical  c o n d i t i o n s  i t  i s  the bes t  
a d d i t i v e  to use because of  i t s  dramat i c  e f f e c t  on the 
p r e c i p i t a t o r  per formance.
The e f f e c t  of t r i e t h y l  ami ne on the p r e c i p i t a t o r  
e f f i c i e n c y  i s  shown in F i gu re  6.7,  where c o l l e c t i n g  
e f f i c i e n c y  i s  p l o t t e d  a g a i n s t  ^V2 («£ i s  the s p e c i f i c  
c o l l e c t i n g  area and V i s  the p r e c i p i t a t o r  termina l  
v o l t a g e ) .  The s l ope  of  the no a d d i t i v e  performance
l i n e  in F i g u r e  6.7 has been i ncreased  by the a d d i t i o n
with triethyl amine addition. 
Efficiencies at <  = 60 m2 kg sec 
shown by vertical bars.
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of 15 ppm triethyl amine indicating an incease in mean 
particle size^42  ̂ (i.e. particle agglomeration). This
is also cofirmed by the increase in mechanical
2
effiiency (i.e. the collection efficiency at c(V = 0). 
This increase in mean particle size has been caused by 
surface reactions of triethyl amine with sulphuric acid 
present on the ash particle surface causing the
formation of a sticky surface layer (49) that causes 
particle agglomeration on contact.
Some of the triethy1 amine present in the flue gas will 
react directly with sulphur species in the flue gas to 
form a species which becomes highly ionised^6 ), and
alters the space charge distribution in the
precipitator. This change in space charge acts to
effectively increase the electric field adjacent to 
the collection electrode and would show as an increase 
in precipitator voltage and therefore precipitator 
performance (confirmed by Figure 6.7).
Laboratory tests, using an acrylic precipitator and 
probed, were carried out to determine the effect of 
triethyl amine on the electrical characteristics. 
Tri ethyl ami ne reduced the corona currrent density
considerably and the electric field through the fly
ash was also lower (Figure 6.8).
Triethy1 amine conditioning of fly ash reduced the
corona current for a given corona voltage, and allowed 
operation of the precipitator to higher corona 
voltages ̂ ̂ , but there was little change in
operational resistivity for a given field or current 
density.
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F i g u r e  6.8 Oper a t i ona l  r e s i s t i v i t y  p l o t t e d
a g a i n s t  e l e c t r i c  f i e l d  through the 
c o l l e c t e d  l a y e r  f or  uncond i t i oned  and 
t r i e t h y l  amine cond i t i oned  ash.
6.11 Flue Gas C o n d i t i o n i n g  - Dust  Free
V-J character!*  s t i  c s were determined by i n j e c t i n g  the 
a d d i t i v e s  i n t o  dus t  f ree f l ue  gas generated by the 
combust i on of  na tura l  gas in the p i l o t  p l a n t .  The
p r e c i p i t a t o r  wi res  and p l a t e s  had p r e v i o u s l y  been 
c l eaned .  The V-J character!* s t i  cs obta i ned  are
t a b u l a t e d  in Table A6.1 and p l o t t e d  in F i gure  6.9 (no 
a d d i t i o n  and s u l phur  t r i o x i d e )  and F i gure  6.10 
(ammonia and t r i e t h y l  ami ne ).
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F i g u r e  6.9 V-J c h a r a c t e r ! s t i c s  f or  no a d d i t i v e
and s u l phur  t r i o x i d e  (18.5 ppm,
25 ppm) in a c lean,  dust  f ree  
prec i  pi t a t o r .
The e f f e c t  of  f l ue  gas a d d i t i v e s  on m o b i l i t y  and 
corona onset  was determined by s u b s t i t u t i n g  va l ues  of  
m o b i l i t y  and corona onset  vo l t a g e  i n to  P o i s s o n ' s  
equation.
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At each va l ue  of  m o b i l i t y  and corona onset ,  the 
t e r mi n a l  v o l t a g e ,  at  c u r r e n t  d e n s i t i e s  of  0.66 and 
1.33 mA/m2 was c a l c u l a t e d  and the r e s u l t s  compared 
wi th  the ac t ua l  t e rmi na l  v o l t a g e  va l ues  in F i gu re  6.9  
and F i g u r e  6.10 f o r  each of  the a d d i t i v e s .  The
m o b i l i t y  and corona onset  va l ues  were va r i ed  u n t i l  the 
c a l c u l a t e d  t e rmi na l  v o l t a g e  va l ues  ( a t  0.66 and 1.33 
mA/m2 ) agreed wi th the ac tua l  termina l  v o l t a g e  va l ues .  
The va l ues  of  m o b i l i t y  and corona onset  obta ined for  
each Y-J c h a r a c t e r i  s t i  c are l i s t e d  in Table A6.2 and 
p l o t t e d  in F i g u r e  6.11.
F i g u r e  6.10 V-J c h a r a c t e r i s t i c s  for  ammonia
(14.7 ppm, 18.5 ppm) and 
t r i e t h y l a m i n e  (15 ppm) in a c lean  
dus t  f ree p r e c i p i t a t o r  .
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F i g u r e  6.11 shows t h a t  as the m o b i l i t y  i n c r e a s e s  the 
corona  onset  i s  suppres sed .  Th i s  corona onset  
s u p p r e s s i o n  i s  caused by i nc r ea s ed  space charge  
b u i l d u p .  The average  corona onset  vo l t a g e  f or  each of  
the a d d i t i v e s  i s  l i s t e d  in Table A6.3 and these va l ues  
w i l l  be used in the development  of  the a d d i t i v e  
e l e c t r i c a l  per formance diagram.
dus t  f ree p r e c i p i t a t o r  at 120°C.
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6.12 Normal Breakdown Region
The v a l ue s  of  c u r r e n t  d e n s i t y  at  f l a s h o v e r  vo l t a g e  
have been p l o t t e d  in F i g u r e  6.12 a g a i n s t  f l u e  gas  
a d d i t i v e  c o n c e n t r a t i o n .  Thse va l ues  have been taken  
from the c l ean  V-J c h a r a c t e r i s t i c s  in Table A6.1, as 
have the v a l ue s  in F i gu r e  6.13,  where v o l t a g e  at  
f l a s h o v e r  i s  p l o t t e d  a g a i n s t  f l ue  gas a d d i t i v e  rate  
and F i g u r e  6.14,  where cur rent  dens i t y  at f l a s h o v e r  i s  
p l o t t e d  a g a i n s t  v o l t a g e  at  f l a s h o v e r .
FLUE GAS ADDITIVE (ppm)
F i g u r e  6.12 V a r i a t i o n  of cur rent  dens i t y  at
f l a s h o v e r  wi th change in f l ue  gas 
a d d i t i v e  c on c e n t r a t i o n  .
-1 3 2 -
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FLUE GAS ADDI T I VE  (ppm)
F i g u r e  6.13 V a r i a t i o n  of  f l a s h o v e r  v o l t a g e  wi th
change in f l u e  gas a d d i t i v e  
c o n c e n t r a t i o n .
The e l e c t r i c a l  per formance  d i agram w i l l  be c o n s t r u c t e d  
a t  15 ppm a d d i t i v e  and the f l a s h o v e r  c u r r e n t  d e n s i t y  
a t  t h i s  v a l u e  has been determined ( f rom F i g u r e  6.12)  
and i s  l i s t e d  in Tab l e  A6.4.
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The v o l t a g e  at  f l a s h o v e r  has been o b t a i n e d  from F i g u r e
6.13  by d e t e r m i n i n g  the v o l t a g e  at  15 ppm from the 
a d d i t i v e  l i n e s .  These v a l u e s  are a l s o  l i s t e d  in Tab l e  
A6. 5 .
A p l o t  of  a c t u a l  maximum c u r r e n t  d e n s i t y  a g a i n s t  
f l a s h o v e r  v o l t a g e  shows a l i n e a r  r e l a t i o n s h i p  f o r  no 
a d d i t i v e ,  ammonia and s u l p h u r  d i o x i d e  ( F i g u r e  6 . 1 4 ) .  
T r i  e t h y l  ami ne however does not  f a l l  on t h i s  l i n e  
because  of  corona  s u p p r e s s i o n  caused by i n c r e a s e d  
space  cha r ge  b u i l d u p  even at  f l a s h o v e r  v o l t a g e .
F i g u r e  6 . 1 4 Variation of current density with 
change in flashover voltage.
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The t e r mi n a l  v o l t a g e  at  normal  breakdown (Vt b ) i s  
c a l c u l a t e d  u s i n g  the v a l u e s  from Tab l e  A6.4 and A6.5 
f o r  each a d d i t i v e  and a s sumi ng  a dus t  t h i c k n e s s  of  2 
mm. The v a l u e s  of  V^b at  v a r i o u s  r e s i s t i v i t i e s  are 
l i s t e d  in Tab l e  A6.6 and p l o t t e d  in the e l e c t r i c a l  
per formance  d i agram.
o
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F i g u r e  6.15 C u r r en t  d e n s i t y  ver sus  f l u e  gas
a d d i t i v e  c o n c e n t r a t i o n  ( s u l p h u r  
t r i o x i d e )  at  c o n s t a n t  v o l t a g e  va l ue s .
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6 . 1 3  B a c k  C o r o n a  R e g i o n  o f  E l e c t r i c a l  P e r f o r m a n c e  D i a g r a m
The back corona ons e t  v a l ue  of  c u r r e n t  d e n s i t y  has 
been determi ned f o r  s u l p h u r  t r i o x i d e  by p l o t t i n g  the
F i g u r e  6.16 C u r r e n t  d e n s i t y  ver s us  f l ue  gas
a d d i t i v e  c o n c e n t r a t i o n  (ammonia) at  
c o n s t a n t  v o l t a g e  va l ue s .
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constant voltage value lines against flue gas
concentration (Figure 6.15) and determining the 
current density at 15 ppm concentration. These values 
are listed in Table A6.7 as are the values for ammonia 
(obtained from Figure 6.16) an triethyl amine (from
Table A6.1). The value of insitu resistivity ( p) was 
calculated using the value of gap voltage ( V g C ) ,  back 
corona onset current (Jc ) and an electric field 
strength of 3.0 x 106 volts/m. These calculated 
values are listed in Table A6.7 along with back corona 
onset voltage (Vtc) for the three additives.
The drop in the electric field through the collected 
dust layer (Figure 6.8) indicates that there may be a 
drop in electric field strength with triethyl amine. 
Values of insitu resistivity and back corona onset 
voltage have been calculated at different electric 
field strength levels (1 x 10^, 2 x 10^ and 3 x 10 ̂
volts/m). These are listed in Table A6.8.
The value of ,VX, the additional voltage above back 
corona onset to cause sparking is dependent on the 
back corona onset voltage and it has been assumed that 
it is independent of flue gas additive. The values 
obtained in Chapter 5 (Figure 5.11) have been used 
here and the values of flashover voltage (Vtb) 
calculated. The complete Flue Gas Additive (15 ppm) 
Electrical Performance Diagram can now be constructed 
(Figure 6.17) for ammonia, sulphur trioxide and
triethyl amine. The diagram can be used to predict
electrical character!* stics and performance of fly ash 
at 120°C with the addition of 15 ppm of any of the 
three additives.
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F i g u r e  6 . 1 7 Flue gas a d d i t i v e  e l e c t r i c a l  
performance diagram for  su lphur  
t r i o x i d e ,  ammonia and t r i e t h y l  amine.
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CHAPTER 7 - COMPARISON OF ELECTRICAL AND PRECIPITATOR
PERFORMANCE
This chapter deals with a comparison of the Electrical 
Performance Diagram developed in Chapters 4, 5 and 6 and
the Precipitator Performance Line developed by the
CSIRO^^. A combination of these two diagrams will result 
in more accurate prediction of precipitator performance of 
new coals whilst requiring less testing.
The precipitator performance line is based on an extended 
Deutch equation^1^ 88  ̂ which is effected by particle size 
distribution, electric field strength, flue gas viscosity 
and velocity and has been modified to take account of 
mechanical efficiency.
7.1 Mechanical Efficiency
The mechanical efficiency of the electrostatic 
precipitator (dust collection with electrodes not 
energised) depends on the two main factors
(1) Ash particle size:- The larger the particle size 
the greater the mechanical efficiency
(2) Gas velocity:- The higher the gas velocity the
lower the mechanical efficiency 
Dust loading(59) has been investigated but its impact
on the mechanical efficiency is small.
This section contains data that shows the degree of 
effect of the three above factors on the mechanical 
efficiency and develops methods of predicting their
- 1 3 9 -
value from coal ash analyses and ash fusion
temperature.
7.2 Ash Fusion Temperature
Ash particle size depends to some extent on the ash 
fusion temperature which depends in turn on ash 
chemical composition.
There are three main stages in ash melting, they are;
(1) Deformation: which is the temperature at which 
finely ground coal ash particles will begin to 
agglomerate, and hence is the point at which 
furnace slagging may begin.
(2) Hemisphere: the temperature which is
intermediate between deformation and flow and is 
detected when the ash melts to form a
hemi sphere.
(3) Flow: the temperature at which the coal ash is 
in a completely molten state.
The effects of coal ash chemical composition on ash
fusion temperature have been studied in detail by 
Kahane^59  ̂ and a relatlonshlP developed beween average 
ash fusion temperature (reducing atmosphere) and 
percent basic components for blends of a Callide coal 
sample and various alumina plant materials.
The results (Figure 7.1) show that ash containing a 
high proportion of either acidic or basic compounds 
has a high fusion temperature. The closer the balance 
between acidic and basic compounds i.e., the further 
the system is from a ,,pure" single compound the lower
- 1 4 0 -
the f u s i o n  t e mp e r a t u r e s  of  the m i x t u r e s .  F i g u r e  7.1 
a g r e e s  wi th  r e s u l t s  o b t a i n e d  by o ther  workers  n o t ab l y  
K i t t l e  and B e n n e t t ^ 6 0 ).
F i g u r e  7 . 1 Effects of basic components contents 
on average ash fusion temperature.
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F i g u r e  /.  2 i s  a p l o t  g e n er a t ed  by K i t t l e  and Bennet t ,  
o f  i n i t i a l  f u s i o n  p o i n t  ( r e d u c i n g  a tmosphere)  a g a i n s t  
p e r c e n t  b a s i c  components  p r e s e n t  in the ash f o r  
numerous c o a l s .
Figure 7.2 I n i t i a l  ash f u s i o n  p o i n t  ver sus  
p e r c e n t  b a s i c  c o mp o n e n t s ' 6 0 .̂
A
V
E
R
A
G
E
 
A
SH
 
F
U
SI
O
N
 
T
EM
P
. 
C
u 
(R
E
D
U
C
IN
G
 
A
T
M
O
SP
H
E
R
E
)
-1 4 2 -
1600 .
1550 -
1500
1450 _
1400
1350 -
1300 -
1 250 -
1200  “
1150
NO DEFORMATION 
DEFORMATION <1600'  
HEMISPHERE >1600'  
HEMISPHERE <1600 
FLOW >1600'
FLOW <16
PLANT MATERIAL  
PLANT MATERIAL & 
CALLIDE COAL BLEND
A
°F Û
n Q
a
»? *
*
©
SAMPLE
20 30 40 50
PERCENT BAS IC COMPONENTS
Figure 7.3 Callide coal average ash fusion
temperature versus percent basic
components.
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Further data plotted by Kahane^59  ̂ confirmed the 
results of Figure 7.1 and 7.2 for coal from the same 
area (Calli de mine) but with large variation of ash 
analyses. Forty bore hole samples had been taken over 
the total coal deposit and reducing atmosphere ash 
fusion temperature determined.
Figure 7.3 shows the variation of average ash fusion 
temperature plotted against percent basic components 
of ash from the bore hole analyses. Ash fusion 
temperature tests on bore hole samples were carried 
out at laboratories where ash fusion temperature can 
be measured to 1600°C. Highest ash fusion temperature 
coals are ones with no deformation at the limit of 
laboratory furnace equipment ( 1600°C) and all had a 
percent basic component of less than 7.0 percent. 
These points are plotted on the graph (Figure 7.3) at 
1600°C, but in fact their actual fusion temperatures 
are higher.
Under normal operating conditions coals which exhibit 
hemishere less than 1600°C i.e., coal ashes with a
basic content greater than 15.8 percent should result 
in ash particles large enough to be satisfactorily 
collected in the electrostatic precipitators.
Figure 7.4 is a plot of ash fusion temperature of 
coals burnt on the PF II rig, plotted against percent 
basic components. These coals, from coalfields 
throughout Australia generate a similar shape of curve 
to that generated by the Callide coal field bore holes 
(Figure 7.3).
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T h e r e f o r e  an a v e r a g e  ash f u s i o n  tempera ture  ( r e d u c i n g  
a t mo s p h e r e ) ,  can be e s t i m a t e d  from the percent  b a s i c
components  p r e s e n t  in the coal  ash.
Figure 7.4 PF II rig coals average ash fusion
temperature versus percent basic 
components.
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The v a l u e  of  p o i n t  A in F i g u r r e  7 . 5  i s  p r o b a b l y  
i n c o r r e c t  due to ex pe r i me n t a l  e r r o r  and i t  has been 
a d j u s t e d  in Tab l e  A7.4 and A7.5 to c o r r e s po n d  to the 
l i n e  of  be s t  f i t  in F i g u r e  7 . 5 .
F i g u r e  7 . 5  R e l a t i o n s h i p  between average ash
f u s i o n  temperature  under o x i d i s i n g  
and r ed uc i n g  atmosphere.
-1 46-
The oxidising ash fusion temperature can be determined 
from the percent basic components by substituting that 
value in Figure 7.4 to obtain the reducing atmosphere 
fusion temperature and then substituting this value in 
Figure 7.5.
7.3 Ash Particle Size
The particle size of the fly ash depends on a number 
of factors, the most important being the ash fusion 
temperature, which in turn depends on ash composition. 
The relationship between ash fusion temperature and 
ash composition (percent basic components) has been 
described elsewhere in this chapter. The ash fusion 
temperature drops with an increase in percent basic 
components up to approximately 35 percent basic 
components and then increases again. All the coals 
burnt on PF II rig have a basic ash composition less 
than 35 percent and are therefore all on the same side 
of the minimum fusion temperature value (Figure 7.4). 
Provided PF II furnance temperature is held constant, 
ashes with a lower fusion temperature would be
expected to generate coarser fly ash particle size. 
Even with variation of furnace temperature, (excess 
oxygen kept constant) under normal operating 
conditions, lower fusion temperature generates larger 
ash particle size (Table A7.5).
Ash fusion temperature has not been measured at higher 
values than 1600°C, because this is the maximum limit
- 1 4 7 -
of  s t a n d a r d  l a b o r a t o r y  equipment .  The b e t t e r  
c o r r e l a t i o n  can t h e r e f o r e  be o b t a i n e d  by compar i ng  
p r e c e n t  b a s i c  components  wi th  ash p a r t i c l e  s i z e  
( F i g u r e  7 . 6  and Tab l e  A 7 . 6 ) .
F i g u r e  7 . 6  P a r t i c l e  s i z e  of  f l y  ash generated
from coal  ash wi th v a r i o u s  pe r cent age s  
of  b a s i c  components.
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F i g u r e  7 . 6  c l e a r l y  shows t h a t  the I n c r e a s e  in percent  
b a s i c  components  r e s u l t s  in an i n c r e a s e  in ash 
p a r t i c l e  s i z e  and t h e r e f o r e  f l y  ash p a r t i c l e  s i z e  can 
be p r e d i c t e d  from coal  ash a n a l y s i s .
F i g u r e  7.7 P r e c i p i t a t o r  mechanica l  e f f i c i e n c y
( zero  v o l t a g e )  at  two va l ue s  of  
s p e c i f i c  c o l l e c t i n g  area p l o t t e d  
a g a i n s t  ash p a r t i c l e  s i z e .
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The mechani ca l  e f f i c i e n c y ,  i . e .  the p r e c i p i t a t o r  
c o l l e c t i o n  e f f i c i e n c y  at  zero v o l t a g e  can be p red i c t ed  
f rom e i t h e r  the f l y  ash p a r t i c l e  s i z e  (mass median 
d i ameter  measured by Bahco s i ze  a n a l y s e r ) ,  F i gure  7.7 
or d i r e c t  from the percent  ba s i c  components,  F i gure  
7.8.  The data f o r  these f i g u r e s  i s  t abu l a t ed  in
PERCENT BASIC COMPONENTS
F i g u r e  7.8 P r e c i p i t a t o r  mechanical  e f f i c i e n c y
ver s u s  percent  bas i c  components at 
two s p e c i f i c  c o l l e c t i n g  areas .
-1 50 -
Table  A7-6 f o r  ac tua l  p r e c i p i t a t o r  t e s t s  measured at  
two d i f f e r e n t  p r e c i p i t a t o r  v é l o c i t é s  (shown as 
p r e c i p i t a t o r  s p e c i f i c  c o l l e c t i n g  a r e a ) .
7 . 4  Gas V e l o c i t y
An i n c r e a s e  in p r e c i p i t a t o r  gas v e l o c i t y  w i l l  cause a 
decrease  in mechanica l  e f f i c i e n c y .  F i gure  7 .8  shows
t h a t  an i n c r e a s e  in p r e c i p i t a t o r  v e l o c i t y  from 1.15
F i g u r e  7.9 Decrease in mechanical  e f f i c i e n c y
caused by i nc rea se  in p r e c i p i t a t o r  
gas  v e l o c i t y  ( i . e .  decrease in 
s p e c i f i c  c o l l e c t i n g  a rea) .
- 1 5 1 -
m/sec to 1.48 m/sec (29 percent) will cause a decrease 
In mechanical efficiency of 30 percent at the same 
percent basic components (or particle size).
Data from a number of tests on a single coal ash (coal 
No. 1) where flue gas velocity has been varied and 
precipitator mechanical efficiency determined, is
listed in Table A7.7 and plotted in Figure 7.9 and
again an increase in precipitator gas velocity from 
1.15 m/sec to 1.48 m/sec (29 percent) causes a
decrease in mechanical collection efficiency of 32 
percent.
Therefore the drop in mechanical efficiency is
proportional to the increase in precipitator flue gas 
velocity.
7.5 Dust Loading
The dust loadings that were measured on the PF II rig 
precipitator from a number of Australian coals are 
listed in Table A7.1 together with the coal ash 
percent of that coal. These values are plotted in
Figure 7.10 and the trend line clearly shows that the 
higher the coal ash percent, the greater will be the 
resultant flue gas dust loading. Scatter on this
graph is caused by unhomogeneous coal and by variation 
of the quantity of ash retained in the furnace for the 
different types of coal, due to difference (AT) 
between furnace temperature and coal ash fusion 
temperature. This graph can be used to determine
- 1 5 2 -
dus t  l o a d i n g  t h a t  w i l l  occur  in a p r e c i p i t a t o r  i f  the 
coa l  ash pe r c e n t a g e  i s  known.
F i g u r e  7.10 Coal  ash percent  ver sus  f l ue  gas
d us t  l o a d i n g .
- 1 5 3 -
A p l o t  of  dus t  l o a d i n g  ( F i gu r e  7.11)  a g a i n s t  
mechani ca l  e f f i c i e n c y  ( Tab l e  A7.8)  shows tha t  the dust  
l o a d i n g  has l i t t l e  e f f e c t  of the mechanical
e f f i c i e n c y .  The mechanica l  e f f i c i e n c y  of any coal  
burnt  in PF I I  r i g  can be determined from the 
p r e c i p i t a t o r  v e l o c i t y  and ash p a r t i c l e  s i ze  which in 
turn i s  dependent on the ash a n a l y s i s .
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F i g u r e  7.11 Mechani ca l  e f f i c i e n c y  ver sus  dust
l o a d i n g  at  c on s t an t  p r e c i p i t a t o r  
v e l o c i t y .
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7.6 Mechanical Efficiency Equations
Cooperman^61  ̂ developed equations to explain the 
mechanical collection in the de-energised 
precipitator. The two mechanisms of particle
collection are gravity settling, significant for 
particles larger than 20 microns and turbulent 
diffusion, significant for smaller particles. The 
particle settling velocity in a gas under the 
influence of gravity was calculated by equating the 
aerodynamic drag force with the force of gravity. 
Therefore
9 2
V = ¿-B. 9 a ....  (Eq. 7.1)
9 9 n
where
Yg = settling velocity 
p = mass density of the particle 
g = acceleration due to gravity 
t\ = gas viscosity 
a = particle radius
Assuming the viscosity of the gas is 2.4 x 10"4 poises 
and particle density 2.4 gm/cc, then values of 
settling velocity can be calculated for each particle 
size. The curve generated by these calculations for 
settling velocity from particle size, using equation 
7.1 is shown in Figure 7.12.
Calculation of particle collection efficiency can be 
carried out by using a modified Deutch formula. The 
Deutch formula cannot really explain how the particle 
velocity is produced and therefore the formula
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a p p l i e s  e q u a l l y  wel l  to s e t t l i n g  i f  i s  rep l aced  by 
Vg and the semi width of  the p r e c i p i t a t o r  by H ( the  
duct  h e i g h t ) .
PARTICLE S I ZE  (pm)
F i g u r e  7.12 S e t t l i n g  v e l o c i t y  ver sus  p a r t i c l e
s i z e  in a d e - en e r g i s e d  p r e c i p i t a t o r .
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There fo re  f o r  g r a v i t y  s e t t l i n g
F r a c t i o n a l  E f f i c i e n c y  (E)  = 1 - e v H (Eq 7 . 2 )  
where
L = duct  p r e c i p i t a t o r  l ength  
v = gas v e l o c i t y
F i g u r e  7.13 C o l l e c t i o n  e f f i c i e n c y  percent  versus
p a r t i c l e  s i ze  in a de - ener g i sed  
p rec i  pi t a t o r .
-157-
Figure 7.13 clearly shows that gravity settling in 
turbulent gases has a significant efficiency for 
particles of 20 microns radius or larger, but is of 
little importance for particles below 10 microns
radius.
The small particles are collected by the mechanism of
turbulent diffusion with an efficiency of the same
order of magnitude as that produced by the gravity
settling of large particles. Cooperman^6^  developed
a mathematical theory of turbulent diffusion and
equation 7.3 is the basic equation. ____ __
Efficiency ( E ) = -| T  — ---- ¿ Z+\2r\)L
IT n=l (2n-l)
where ....  (Eq 7.3)
^  2D
A n = (2n - 1) i|-
D = coefficient of turbulent diffusion 
b = semi width of precipitator 
The major difficulty of applying equation 7.3, is the 
uncertainty of the value of D. Myron Robinson has 
measured diffusion of helium gas in air through a
model precipitator and since fine particles can follow 
the motion of gas reasonably closely, the probable 
value of D for the PF II rig is 1-10 cm2/sec.
Values of efficiency have been calculated using 
equation 7.3 for various values of D and are plotted 
in Figure 7.14. In the most likely range of values of 
0 (i _ io cm2/sec) the mechanical efficiency 
originating in turbulance varies from about 20
- 1 5 8 -
percent  to 60 percent ,  which i s  in reasonab l e  
agreement  wi th measurements of  e f f i c i e n c y  for  f i ne  
particles.
F i g u r e  7 . 14  E f f e c t  of t u r b u l e n t  c o e f f i c i e n t  on
c o l l e c t i o n  e f f i c i e n c y .
Mechan i ca l  e f f i c i e n c y  i s  t here f ore  achieved by 
t u r b u l e n t  d i f f u s i o n  on f i n e  p a r t i c l e s  and g r a v i t y  
s e t t l i n g  of  coar se  p a r t i c l e s .
- 1 5 9 -
7.7 Collection Efficiency
The precipitator performance diagram is based on the 
extended Deutch equation^38) that has been modified to 
include the mechanical efficiency^ ̂ 3^1 (equation
7.4). 
log (1-e)
where
log (1-e ) + i 3 m 3
<£E E k pa c p oK
1 nlO n
(Eq. 7.4)
e = fractional efficiency 
Ec = charging field 
Ep = precipitating field
k0 = permittivity of free space = 8.8 x 10~12
F / m  
3 k
p = (^+2”̂ and k 1S the ectric constant of 
the particle
a = mean particle radius (half mass median 
di ameter)
n = viscosity of the carrier gas at the
prevailing temperature
e = fractional mechanical efficiency m
dC, = specific collecting area
The determination of the mechanical efficiency has 
been discussed in detail earlier in this chapter. 
This mechanical efficiency gives the starting point of 
the precipitator performance line (Figure 7.15 ).
- 160-
The charging Field Ec does not come into effect until 
the corona onset voltage has been exceeded. The slope 
of the expected line joining the mechanical efficiency 
point (zero voltage to the corona onset voltage can be 
calculated by omitting Ec from equation 7.4). 
i . e.
7 d(,E k pa
log (1-e) = log (1-eJ + j ^  ....  7-5 >
At corona onset, equation 7.4 becomes effective and 
the value of the precipitator collection efficiency 
varies as applied voltage squared, specific collecting 
area and particle size.
The effect of particle size on performance line slope
(39)has been examined by a number of workers. Cross' 
has determined values of slope on P.F. II rig for 
eighteen different coal ashes. Slope of performance 
line where ratio of predicted to observed migration 
velocity was in the range 2.3 to 3.1 (11 coal 
ashes) have been used here and are plotted in 
Figure 7.15. The line generated in this figure will 
be used in subsequent calculations.
7.8 Calculation of Precipitator Collection Efficiency
Precipitator collection efficiency (performance line) 
can be calculated from the ash percent basic 
components, electrical performance diagram, 
performance line slope and V-J characteristics.
- 161-
Table A7.9 lists the data required to construct the
performance line for five coals. The first step is
to determine the mechanical efficiency from Figure 7.8
by substituting the percent basic components (from
Table A7.2) into the graph. This gives the
2
collection efficiency at aV equals zero.
The particle size of the ash is obtained by 
substituting percent basic components values into 
Figure 7.6 and reading the value from the straight line.
Back corona onset voltage is determined from the V-J
characteristics and is easy to detect because of the
rapid increase in current density with only a small
increase in voltage. This back corona onset voltage
(Vtc) used to determine airaap voltage (Vgc) and
flashover voltage (Vtb) from the electrical
performance diagram (Figure 4.12). The airgap voltage
(V ) should be the same as the corona onset voltage gc'
(from the V-J characteristics) because corona onset 
should occur at the voltage value of airgap breakdown. 
At low percent basic components Vgc coincides with 
corona onset voltage, but at higher values Vgc is 
considerably higher than corona onset voltage (VcQ). 
Figure 7.16 shows the variation of Vgc minus VCQ 
with variation in percent basic components.
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A curve representing corona onset voltage should be 
placed on the electrical performance diagram to 
correct for difference between air gap voltage 
(V ) and corona onset voltage (VCQ). Part of the 
electrical performance diagram has been reconstructed 
to include corona onset voltage (Figure 7.17).
The variation between Vgc and VCQ especially at higher 
ash basic component values could be due to either an 
ash surface effect or to the larger particles 
present.
The slope of the main precipitator performance line is 
determined by substituting previously determined 
particle size values (determined from Figure 7.6) into 
Figure 7.15. The.slope of performance line before 
corona onset, has been determined by dividing the 
main performance line slope by a constant (3.36).
PERCENT BASIC COMPONENTS
Figure 7.16 Variation of voltage difference with 
percent basic components
- 1 6 4 -
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Figure 7.17 Addition of corona onset voltage line VCQ
to electrical performance diagram
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This constant value has been determined by trial and 
error substitutions. Enough data is now available to 
construct a precipitator performance diagram and the 
completed construction is shown in Figure 7.18 for 
five coals.
The mechanical efficiency has been determined from
Figure 7.8, the slope of the aV line from Figure 7.15
(then divided by a constant), the length of the aV
line from corona onset voltage (from V-J
o
characteristics), the slope of the aV line from
2
Figure 7.16 and the length of the aV line from 
Figure 4.12 (Vtb) .
Also placed on Figure 7.18 are a number of actual 
tests from each coal . Reasonably good agreement has 
been achieved between the performance lines developed 
from the electrical characteristics and ash analysis 
and the efficiency tests.
This technique should lead to a considerable 
reduction in the number of efficiency tests required 
on the PF II rig to determine a coal ash performance. 
This technique should also be applicable to both the 
temperature and additive electrical performance 
diagrams .
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Figure 7.18 Actual tests results plotted with performance 
lines calculated from ash percent basic 
components, electrical performance diagram, 
performance line slope and V-J characteristics.
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CHAPTER 8 - CONCLUSION AND ACKNOWLEDGEMENTS
8.1 Conclusion
The electrical performance diagram has successfully 
been developed (at 120°C) and insitu dust resistivity 
can be determined rapidly from the diagram by knowing 
either the back corona onset, or flash over voltage 
and assuming a dust thickness.
The electrical performance diagram can be used to 
determine the pilot electrostatic precipitators mode 
of operation,when collecting different types of fly 
ashes. It provides valuable information concerning 
electrical response and subsequent collection 
efficiency of the fly ash being tested.
The electrical performance diagram has been expanded 
to include a range of temperatures from 100°C to 
400°C and the effect of temperature on back corona 
onset, insitu resistivity and other electrical 
characteristics can be rapidly determined.
The electrical performance diagram has also been 
developed for flue gas additives, ammonia, sulphur 
trioxide and triethyl amine and can be used to predict 
electrical performance from a simple V-J characteris­
tic curve. Mechanisms of flue gas additives have 
successfully been examined.
Correlation between coal ash composition notably 
percent basic components and ash particle size, 
(caused by change in fusion temperature) has been
- 168-
achieved and its subsequent effect on precipitator 
performance discussed.
A correlation between the electrical performance 
diagram and the precipitator performance line has been 
achieved and precipitator collection efficiency can be 
predicted from V-J characteristics, ash analysis, 
electrical performance diagram and efficiency 
performance line slope.
The development of these diagrams should greatly 
increase the understanding of the use of electrical 
characteristics of electrostatic precipitators and 
also reduce the number of tests required to determine 
electrostatic precipitation performance under various 
condi ti ons.
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TABLE A2.1: MASS OF SPECIFIC SIZE RANGE PARTICLES PER
VOLUME
PARTICLE
DIAMETER
RANGE
(MICRONS)
AVERGE
PARTICLE
DIAMETER
(MICRONS)
PERCENT
MASS
IN
RANGE
MASS PER 
VOLUME 
(gm/Nm3 ) 
(USING 
7 gm/Nm° 
TOTAL)
MASS PER 
VOLUME 
(gm/cm3)
0-2 1.0 4.7 0.33 0.33x10-*?
2-5 3.5 18.8 1.32 1.32x10"°
5-10 7.5 26.0 1.82 1.82x10"°
10-20 15 27.0 1.89 1.89x10"°
20-30 25 10.8 0.76 0.76x10"°
30-50 40 7.9 0.55 0.55x10"°
>50 say 7 5 4.8 0.34 0.34x10"°
TABLE A2.2: SEPARATION DISTANCE BETWEEN PARTICLES
AVERAGE MASS OF PARTICLE AVERAGE SEPARATION
PARTICLE EACH DENSITY BETWEEN INDIVIDUAL
DIAMETER SPHERE ( Number SAME SIZE PARTICLES
(MICRONS) ( grams) /cm3 ) (MICRONS) (diameters;
1 1. 1 5 x l 0 " J 2 2.86x10^ 1 . 5 0 x l 0 2 150
3.5 4 . 9 4 x 1 0 " “ 2.67x10.! 3 .35x10; 96
7.5 4 . 86x10 " q 3.75x10° 6. 44x10; 86
15 3.88x10": : 4 . 8 7 x l 0 f 1.27X103 85
25 1. 56x10"° 4.86x10/: 2 .74x10; 110
40 7. 36x10"° 7 . 4 0 x l 0 U 5.13x10° 128
75 4 . 85x10"  ' 7. 00x10"  1 1 . 1 3 x l 0 4 151
10. 1* 1 . 1 9 x l 0 " 9 3 . 1 8 x l 0 3 1.46X102 14.6*
★ TOTAL SAMPLE - SEPARATION BETWEEN ALL PARTICLES
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T A B L E  A 5 . 1 ( 2 1 ) : GAS M O B I L I T I E S
Gas
M o b i1i ty (m2/sec-V)
b0<-> b0 <+ >
Argon - 1.6xl0‘4
Air (dry) 2. lxlO"4 1.36xI0'4
Air (very dry) 2.5 x 10 “ 4 I.8X10'4
Nitrogen - l.BxlO'4
Oxygen 2.6xl0'4 2.2xl0'4
Hydrogen - 12.3X10"4 (H3+ )
Chlorine 0.74xl0-4 0.74xl0“4
C 2H 2 0.83xl0‘4 0.78xl0*4
Carbon Monoxide 1. 14xl0‘4 1. lOxlO-4
Carbon Di oxi de (dry ) 0.98xl0"4 0.84xl0'4
c 2h5oh 0.37X10-4 0.36X10-4
Hydrogen Chloride 0.62xl0-4 0.53xl0'4
Water Vapour ( 1000C ) 0.92xl0'4 1. lxlO'4
Hydrogen Sulphide 0.56xl0-4 0.62xl0"4
Ammoni a 0.66xl0‘4 0.56xl0'4
Ni trous Oxi de 0.90xl0'4 0.82xl0"4
Sulphur Dioxide 0.41xl0'4 0.41xl0'4
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T A B L E  A 5 . 2 :  E X P E R I M E N T A L  CLEAN  V - J  C H A R A C T E R I S T I C S
GAS
TYPE AIR A A A B A
GAS
TEMP °C 30 92 122 122 123 124
3RD
STAGE
VOLTAGE
( k v )
CURRENT DENSITY (mA/m2 )
39 MAX
38 2..40
3 7 2.. 19
36 2..00
3b 1..75
34 1,.47
33 1..30
32 1..11
2.33
31
30
0.
0.
.87
.67 /
29 0,. 50 2.40 2.07 1.67 2.33
28 0,. 37 2.13 1.80 1.25 2.07
27 0,.27 1.27 1.87 1.53 0.93 1.73
26 0,.19 0.91 1.53 1.20 0.72 1.40
25 0,.15 0.68 1.23 0.97 0.48 1.15
24 0..096 0.43 0.96 0.71 0.27 0.81
23 0..075 0.24 0.63 0.43 0.17 0.53
22 0..059 0.084 0.45 0.20 0.072, 0.32
21 0..048 0.061 0.14 0.068 0.061 0.13
20 0..041 0.052 0.068 0.059 0.049 0.061
19
18 0..025 0.037 0.049 0.043 0.031 0.045
17
16 0..015 0.028 0.029 0.028 0.021 0.031
15
14 0..009 0.017 0.019 0.019 0.012 0.017
13
12 0..005 0.007 0.012 0.009 0.005 0.008
11
10 0..004 0.003 0.001 0.001 0.003 0.001
8 0,.0026 0.0013 0.001
6 0..0013 0.0013 0.001
4 0..0013
2
0
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TABLE A5.2: EXPERIMENTAL CLEAN V-J CHARACTERISTICS
(Continued)
GAS
TYPE B A B A A B
GAS
TEMP °C 136 149 149 154 155 170
3RD
STAGE
VOLTAGE
(kV)
CURRENT DENSITY (mA/m2 )
-
39
38 MAX
37 5.79 MAX
36 5.39 6.92
35 4.92 6.25
34 4.39 5.59
33 3.96 5.05
32 3.46 4.52
31 3.00 3.99
30 2.59 2.93 3.46
29 2.16 2.67 3.86 3.06
28 1.80 2.47 2.80 2.00 2.53
27 1.50 2.02 2.00 1.60 / 2.1326 1.26 1.87 1.40 1.33 1.73
25 0.96 1.60 1.07 1.03 1.17 1.46
24 0 . 7 0 1.27 0.80 0.77 0.88 1.17
23 0.46 1.00 0.53 0.53 0.67 0.84
22 0.25 0.75 0.35 0.29 0. 36 0.61
21 0.14 0.45 0.15 0.080 0.096 0.36
20 0.068 0.15 0.073 0.059 0.065 0.17
19
18 0.045 0.055 0.049 0.041 0.045 0.056
17
16 0.031 0.040 0.033 0.027 0.032 0.040
15
14 0.019 0.025 0.023 0.016 0.019 0.024
13
12 0.011 0.016 0.013 0.005 0.009 0.015
11
10 0.005 0.007 0.007 0.003 0.001 0.008
8 0.001 0.003
6
4
2
0
3R
ST
VO
(k
39
38
37
36
35
34
33
32
31
30
2 9
28
2 7
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
8
6
4
2
0
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A5.2: EXPERIMENTAL CLEAN V-J CHARACTERISTICS
(Continued)
B B B B B B
172 180 210 229 268 289
CURRENT DENSITY (mA/m2 )
/
6.38 
5.79 
5.19 
4.7 2 
4.12 
3.66
/
3.00
3.19 
2.73
2.19 /
2.00 1.86 3.73
1.40 1.46 2.40
1.03 1.14 1.60
0.72 0.90 1.16
0.49 0.61 0.87
0.32 0.43 0.57
0.080 0.13 
0.096
0.32
0.055 0.063 0.064
0.035 0.044 0.041
0.023 0.028 0.028
0.015 0.017 0.019
0.008 0.008 0.008
0.003 0.003
0.001 0.001
/
6.67 
5. /3
/ *
3.60 /
5.00
4.40
3.73
2.47 3.20 3.20
1.80 2.47 2.67
1.40 2.07 2.27
1.09 1.67' 1.80
0.77 1.23 1.33
0.51 0.91 1.03
0.63
0.083 0.36 0.36
0.053 0.076 0.096
0.035 0.051 0.068
0.023 0.035 0.045
0.013 0.019 0.029
0.003 0.011 0.017
0.001 0.007 0.011
0.004 0.007
0.001 0.003
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TABLE A5.3: AVERAGE CLEAN V-J CHARACTERISTICS FOR EACH
TEMPERATURE AND LINEAR REGRESSION AT CONSTANT VOLTAGE
(kV)
VOLTAGE 10 12 14 16 18 20
TEMP
(°C)
1 30 0.004 0.005 0.009 0.015 0.025 0.041
2 92 0.003 0.007 0.017 0.028 0.037 0.052
3 123 0.002 0.009 0.017 0.027 0.042 0.059
4 136 0.005 0.011 0.019 0.031 0.045 0.068
5 152 0.005 0.011 0.021 0.031 0.048 0.087
6 171 0.008 0.015 0.024 0.038 0.056 0.13
7 180 0.008 0.017 0.028 0.044 0.065 0.13
8 210 0.008 0.019 0.028 0.041 0.064 0.32
9 229 0.013 0.023 0.035 0.053 0.083 0.51
10 268 0.019 0.035 0.051 0.076 0.36 0.91
11 289 0.029 0.045 0.068 0.096 0.36 1.03
TEMP.
POINTS 1-11 1-9 1-9 1-9 1-8 1-5
a -5.92
xlO"d
-5.78
xlO"^
4.07
xlO_J
8.74
xlO'J
1.57 
xlO" ̂
2.70 
xlO“*
b 9.0Q
xlO"5
9.24
xlO“5
1.22
xlO~^
1.73
xlO“*
2.34
xlO’3
3.25
xlO~*
Txy .85 .95 .97 .95 .97 .90
(y=a + bx)
TEMP.
POINTS 8-11 8-11 8-11 8-11 8-11 6-11
a -4.4 -5.1, -7 • 6 -1.02
xlO“1
-8.8
xlO“1
-1.34
xlO'2 xlO" ̂
b 2.44 
x 10“^
3.26
xlO"^
4.89
xlO“*
6.76
xlO“^
4.40
xlO"'3
8.20
xlO-'5
Txy .97 .99 .99 .99 .96 .99
100°C 0.003 0.009 0.016 0.026 0.039 0.060
200°C 0.012 0.018 0.028 0.043 0.063 0.030
300°C 0.029 0.047 0.071 0.101 0.44 1.12
400°C 0.054 0.079 0.120 0.168 0.88 1.94
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TEMPERATURE AND LINEAR REGRESSION AT CONSTANT VOLTAGE
(Continued)
T A B L E  A 5 . 3 :  AVERAGE  CLEAN V - J  C H A R A C T E R I S T I C S  FOR EACH
n m ------
VOLTAGE 21 22 23 24 25 26
TTMP
(°C)
1 30 0.048 0.059 0.075 0.096 0.15 0.19
2 92 0.061 0.084 0.24 0.43 0.68 0.91
3 123 0.10 0.26 0.44 0.69 0.96 1.21
4 136 0. 14 0.25 0.46 0.70 0.96 1.26
5 152 0. 19 0.44 0.68 0.93 1.22 1.53
6 171 0.34 0.55 0.78 1.10 1.43 1.87
7 180 0.43 0.61 0.90 1.14 1.46 1.86
8 210 0.57 0.87 1.16 1.60 2.40
9 229 0.77 1.09 1.40 1.80 2.47
10 268 1.23 1.67 2.07 2.47 3.20
11 289 1.33 1.80 2.27 2.67 3.20 3.73
TETTF7
POINTS 1-2 1-2 CM1rH 1-2 1-2
a 4.20
xlO-2
4.70
xlO-2
-4.80
xlO'3
-6.60
xlO‘z
-1.06
xlO“1
b 2.10
xl0“4
4.03
xlO-ï
2.66
xlO"3
5.39
xlO-3
8.55
xlO"3
T1 xy 1.00 1.00 1.00 1.00 1.00
(y=a+bx)
TEMP.
POINTS 3-11 3-11 3-11 2-11 2-11 2-11
a -9.58 
x 10~ 1
-1.08 -1.10 -8.44
xlO”1
-8.8?
xlO-1
-4.21
xlO-1
b 7.80
xlO"J
9.83
xlO"J
l.H
xlO'2
1.19
xlO"3
1.45
xl0~2
1.36
xlO-2
T xy .99 .99 .99 .99 .98 .99
100°C 0.063 0.087 0.26 0.47 0.75 0.94
200°C 0.60 0.89 1.18 1.54 2.01 2.30
300°C 1.38 1.87 2.32 2.73 3.46 3.66
400°C 2.16 2.85 3.46 3.92 4.91 5.02
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TABLE A5.3: AVERAGE CLEAN V-J CHARACTERISTICS FOR EACH
TEMPERATURE AND LINEAR REGRESSION AT CONSTANT VOLTAGE
(Continued)
T W T
VOLTAGE 27 28 29 30 31 32
TEMP
<°C)
1 30 0.27 0.37 0.50 0.67 0.87 1.11
2 92 1.27
3 123 1.52 1.81 2.12 2.33
4 136 1.50 1.80 2.16 2.59 3.00 3.46
5 152 1.87 2.42 2.67 2.93
6 171 2.13 2.53 3.06 3.46 3.99 4.52
7 180 2.19 2.73 3.19 3.66 4. 12 4.72
8 210
9 229
10 268
11 289 4.40 5.00 5.73 6.67
TEMP.
POINTS
a
b
Txy
(y =a + bx')
TIM".
POINTS 1-11 1-11 1-11 1-7 1-7 1:7
a -3.80 
x 10"1
-3.88 
xlO“1
-3.61 
xlO"1
-4.02 
xlO”1
1.78 
xlO"1
3.46
xlO-1
b 1.55
xlO’2
i . n
xlO L
2.03
xlO-2
2.34
xlO-2
2.18
xl0‘2
2.41
xlO-2
T .98 .99 .99 .99 1.00 1.00Xxy
100°C 1.17 1.40 1.67 1.94 2.36 2.76
200°C 2.72 3.19 3.70 4.28 4.54 5.17
300°C 4.27 4.98 5.73 6.62 6.72 7.58
400°C 5.82 6.67 7.76 8.96
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TABLE A5.3: AVERAGE CLEAN V-J CHARACTERISTICS FOR EACH
TEMPERATURE AND LINEAR REGRESSION AT CONSTANT VOLTAGE
(Continued)
( k V ) 
VOLTAGE 33 34 35 36 37 38
TEMP
(°C)
1 30 1.30 1.47 1.75 2.00
2 92
3 123
4 136 3.96 4.39 4.92 5.39
5 152
6 171 5.05 5.59 6.25 6.92
7 180 5.19 5.79 6.388 210
9 229
10 268 
11 289
T ETTP.' 
POINTS
a
b
Txy
(y=a+bx)
TEMP.
POINTS 1-7 1-7 1-7 1-6 1-4 1
a 4.91
xlO"1
5.71
xlO"1
7.83 
xlO"1
3.88
xlO”2
1.17
b 2.62
xlO'2
2.90
xlO’2
3.13
xlO’2
4.05
xlO-2
3.40
xlO“2
Txy 1.00 1.00 1.00 1.00
100°c 3.11 3.47 3.91 4.09 4.57
200°C 5.73 6.37 7.04 8.14 7.97
300°C 8.35
400°C
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(From clean V-J character!stics Figure 5.3)
T A B L E  A 5 . 4 :  T E M P E R A T U R E  E F F E C T  ON CORONA ONS ET  VOLTAGE
Temperature °C Corona Onset Voltage (kV)
30 24.3
92 21.8
123 20.6
152 20.3
171 19.4
180 19.1
210 18.6
229 18.1
268 16.7
289 16.2
TABLE A5.5: EFFECT OF TEMPERATURE ON ELECTRIC FIELD
STRENGTH
Assume Assume
E120=3xl06 volts/m Ei2o=2xl06 volts/m
TEMPERATURE °C Ecxl06 (volts/m) Ecxl06 (volts/m)
30 3.68 2.45
92 3.19 2.12
100 3.14 2.09
120 3.00 2.00
150 2.85 1.90
200 2.61 1.74
210 2.58 1.72
290 2.31 1.54
300 2.27 1.51
330 2.19 1.46
400 2.02 1.35
T A B L E  A 5 . 6 : MAXIMUM CURRRENT DENSITY (J.) AT SET 
TEMPERATURES
(From Figure 5.9)
T emperature
° c
MAXIMUM CURRENT DENSITY (Jh ) 
mA/m2
100 1.34
200 3.89
300 6.44
400 8.99
TABLE A5.7: MAXIMUM VOLTAGE ( )  AT SET TEMPERATURES
(From Figure 5.7)
T emperature
° c
Maximum Voltage 
kV
100 27.9
200 29.3
300 29.7 -
400 30.0
T A B L E  A 5 . 8 : T E R M I N A L  VOL TAGE  ( V t b  ) AT  NQRMAL BREAKDOWN
(Vtb = Vgb + JbPd)
100°C 200°C 300°C 400°C
P (27.9+2.68xl0~9 p) (29.3+7.78xl0‘9 p) (29.7 + 12.88xl0'9p ) (30.0+17.98xl0*9p )
lxlO7 27.9 29.4 29.8 30.2
2xl07 28.0 29.5 30.0 30.4
4xl07 28.0 29.6 30.2 30.7
8xlü7 28.1 29.9 30.7 31.4
ooO
 
1—1X
r—H 28.2 30.1 31.0 31.8
2xl08 28.4 30.9 32.3 33.6
4xl08 29.0 32.4 34.9 37.2
8xl08 30*0 35. S 40.0 44.4
lxlO9 30.6 37.1 42.6 48.0
1.5xl09 31.9 41.0 49.0 57.0
2xl09 33.3 44.9 55.5
4xl09 38.6
TABLE A5.9 BACK CORONA ONSET VOLTAGE. (Vtc ̂
(Jc Values from Table A5 .3)
TEMPERATURE 100°C 200°C
Ec - 3-14 dEc = 6. 28 Ec = 2.61 dEc = 5.22
vgc Jc P Vtc Vgc Jc P Vtc
10 0.003 1.05X1012 16.28 10 0.012 2.18xlOu 15.22
12 0.009 3.49xlOu 18.28 12 0.018 1.45x10“ 17.22
14 0.016 1.96X1011 20.28 14 0.028 9.32X101® 19.22
16 0.026 1.21xl0|1 22.28 16 0.043 6.07xl010 21.22
18 0.039 8.05xl010 24.28 18 0.063 4.14xl010 23.22
20 0.060 5.23X1010 26.28 20 0.63 4.14xl09 25.22
21 0.063 4.98X1010 27.28 21 0.60 4.35xl09 26.22
22 0.087 3.61xlOiu 28.28 22 0.89 2.93xlOy 27.22
23 0.26 1.21xl010 29.28 23 1.18 2.21xl09 28.22
24 0.47 6.68x10® 30.28 24 1.54 1 . 69x109 29.22 CO
25 0.75 4.19x10;? 31.28 25 2.01 1.30x109 30.22
26 0.94 3.34xlOy 32.28 26 2.30 1 . 13x109 31.22
27 1.17 2.68x10° 33.28 27 2.72 9.60x10° 32.22
28 1.40 2.24xl09 34.28 28 3.19 8. 18x10° 33.22
29 1.67 1.88x10° 35.28 29 3.70 7.050(10° 34.22
30 1.94 1.62xl09 36.28 30 4.28 6.10x10° 35.22
31 2.36 1.33xl09 37.28 31 4.54 5.75x10° 36.22
32 2.76 1.14xl09n 38.28 32 5.17 5.05x10° 37.22
33 3.11 l.OlxlO9Q 39.28 33 5.73 4.55x10° 38.22
34 3.47 9.05x10° 40.28 34 6.37 4.10x10° 39.22
35 3.91 8.03x10° 41.28 35 7.04 3.71x10° 40.22
36 4.09 7.68x10° 42.28 36 . 8.14 3.21xl08 41.22
TABLE A5.9 BACK CORONA ONSET VOLTAGE, (Vt )
(Jc Values from Table A5.3) 
(Continued)
TEMPERATURE 300°C 400°C
Ec = 2. 27 dEc = 4. 54 Ec = 2.02 dEc = 4.04
V Jc P vtc vgc Jc P vtc
10 0.029 7.83X1010 14.54 10 0.054 3.74xl010 14.04
12 0.047 4.83X1010 16.54 12 0.079 2.56xl010 16.04
14 0.071 3.20xl010 18.54 14 0.120 1.68xl010 18.04
16 0.101 2.25xl010 20.54 16 0.168 1.20xl010 20.04
18 0 . 4*4' 5.16x10® 22.54 18 0.88 2.30x10® 22.04
20 1.12 2.03x10® 24.54 20 1.94 1.04x10' 24.04
21 1.38 1.64x10® 25.54 21 2.16 9.35x10s 25.04
22 1.87 1.21x10^ 26.54 22 2.85 7.09x10s 26.04
23 2.32 9.78xl08 27.54 23 3.46 5.84x10s 27.04
24 2.73 8.32x10s 28.54 24 3.92 5.15x10s 28.04
25 3.46 6.56x10s 29.54 25 4.91 4.11x10s 29.04
26 3.66 6.20x10s 30.54 26 5.02 4.02xl0S 30.04
27 4.27 5.32x10s 31.54 27 5.82 3.47x10s 31.04
28 4.98 4.56x10s 32.54 28 6.77 2.98x10s 32.04
29 5.73 3.96x10s 33.54 29 7.76 2.60x10s 33.04
30 6.62 3.43x10° 34.54 30 8.96 2.25x10s 34.04
31 6.72 3.38x10s 35.54 31
32 7.58 2.99x10® 36.54 32
T A B L E  A 5 . 1 0 : S P A R K O V E R  VOLTAGE  (,Vt b )
TEMPERATURE 10C>°c 200°C 300°C 400°C
Back
Corona
Onset
(kV)
vgc
! vx 
(k V )
vtc vtb Vtc vtb vtc vtb vtc vtb
16 0 22.3 22.3 21.2 21.2 20.5 20.5 20.0 20 .0
18 0.7 24.3 25.0 23.2 23.9 22.5 23.2 22.0 22,.7
20 1.5 26.3 27.8 25.2 26.7 24.5 26.0 24.0 25,. 5
ZI 1.9 27.3 29.2 26.2 28.1 25.5 27.4 25.0 26,. 9
22 2.2 28.3 30.5 27.2 29.4 26.5 28.7 26.0 28.. 2
23 2.6 29.3 31.9 28.2 30.8 27.5 30.1 27.0 29..6
24 3.0 30.3 33.3 29.2 32.2 28.5 31.5 28.0 31 .0
25 3.3 31.3 34.6 30.2 33.5 29.5 32.8 29.0 32..3
26 3.7 32.3 36.0 31.2 34.9 30.5 34.2 30.0 33.. 7
27 4.1 33.3 37.4 32.2 36.3 31.5 35.6 31.0 35., 1
28 4.5 34.3 38.8 33.2 37.7 32.5 37.0 32.0 36. 5
29 4.8 35.3 40.1 34.2 39.0 33.5 38.3 33.0 37., 8
30 5.2 36.3 41.5 35.2 40.4 34.5 39.7 34.0 39. 2
31 5.6 37.3 42.9 36.2 41.8 35.5 41.1 35.0 40. 6
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TABLE A5.1X: ADDITIONAL VOLTAGE TO SPARKOVER
PRECIPITATOR 
TEMPERATURE 
(°C )
BACK
ONSET
CORONA
VOLTAGE
( k v )
vx (kV)
357 23.2 2.1
330 29.1 3.3
180 29.0 3.4
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TABLE A6.1: Y-J CHARACTERI ST I CS (CLEAN)
( 122-125°C )
ADDITIVE NIL co o co n h3 TRIETHY- LAMINE
DOSE RATE 
kV
18.5ppm 25ppm 14.7ppm 18.5ppm 15 ppm
35
34
33
32
31
30 / /
/
2.33
1.80 / /2.00 /
29 1.67 1.67 1.53 1.67 1.60 1.46
28 1.25 1.40 1.27 1.21 1.40 1.10
2 7 0.93 1.08 0.99 0.96 1.06 0.82
26 0.72 0.77 0.77 0.76 0.81 0.29
25 0.48 0.51 0.56 0.52 0.63 0.12
24 0.27 0.30 0.37 0.31 0.45 0.092
23 0.17 0.17 0.24 0.14 0.29 0.064
22 0.072 0.070 0.16 0.10 0.16 0.059
21 0.061 0.053 0.057 0.056 0.11 0.049
20 0.049 0.048 0.048 0.045 0.085 0.041
19
18 0.031 0.031 0.031 0.031 0.053 0.027
17
16 0.021 0.019 0.020 0.019 0.021 0.015
15
14 0.012 0.012 0.011 0.012 0.012 0.007
13
12 0.005 0.007 0.005 0.007 0.005 0.0013
11
10o
0.003 0.004 0.004 0.004 0.004 0.0013
y
8 0.003 0.003 0.003 0.003 0.0013
7
6 0.0013
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TABLE A6.2: CALCULATED MOBILITY & CORONA ONSET VOLTAGE -
DUST FREE
FLUE GAS 
ADDITIVE
V-J CHARACTERISTIC 
VOLTAGE (kV) AT 
J = 0.67 J = 1.33
CALCULATED 
MOBILITY (Mo)
CORONA ONSET 
Vc (kV) 
CALCULATED
NO ADDITIVE 25.8 28.3 2.58xl0‘4 22.6
18.5 ppm s o 3 25.7 28.0 2.80xl0‘4 22.7
25.0 ppm s o 3 25.5 28.3 2.22xlO'4 21.9
14.7 ppm n h 3 25.9 28.3 2.70xl0'4 22.8
18.5 ppm n h 3 25.1 28.0 2.03xl0'4 21.0
15.0 ppm TEA 26.7 28.7 3.46xl0~4 24.4
TABLE A6.3: AVERAGE MOBILITY & CORONA ONSET
FLUE GAS 
ADDITIVE
V-J CHARACTERISTIC 
VOLTAGE (k V ) AT 
J =0.67 J = 1.33
CALCULATED 
MOBILITY (/XO)
CORONA ONSET 
Vc (kV)
NIL 25.8 28.3 2.58x10"4 22.6
s o 3 25.6 28.2 2.51xl0‘4 22.3
n h 3 25.7 28.2 2.37x10~4 21.9
TEA 26.7 28.7 3.46xl0'4 24.4
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TABLE A6.4: MAXIMUM CURRENT DENSITY (Jfc) AT 15 PPM
ADDITIVE
FLUE GAS MAXIMUM CURRENT
ADDITIVE DENSITY (mA/r/)
s o 3 1.71
n h 3 1.32
TEA 1.46
TABLE A6.5: FLASH OVER COLTAGE (V^) AT 15 PPM ADDITIVE
FLUE GAS FLASH OVER
ADDITIVE VOLTAGE (kV )
so3 28.0
n h 3 29.2
TEA 29.0
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TABLE A6.6: TERMINAL VOLTAGE (Vtb) AT
C V t O
NORMAL BREAKDOWN
s o 3 NH3 TEA
P 28.0 + 29.2 + 29.0+.
3.42xl0“9p 2.64xl0“yp 2. 9 2 x 10 “
1x10® 28.3 29.5 29.3
2x10® 28.7 29.7 29.6
-P» X h—
1 o 0
0
29.2 30.3 30.2
oc
 
X
 
1—
1 o 0
0
30.7 31.3 31.3
lxio9 31.4 31.8 31.9
1.5xl09 33.1 33.2 33.4
2xl09 34.8 34.5 34.8
3xl09 38.3 37.1 37.8
4xl09 41.7 39.8 40.7
Vtc
16
18
20
22
24
26
27
28
29
30
31
32
33
34
35
TABLE A6.7: BACK CORONA ONSET VOLTAGE <vtc>
so3 n h3 TEA
Jc p Vtc Jc p Vtc Jc P
0.004 7.5x10** 16 0.004 7.50xl0u 16 0.0013 2.31xl012
0.0013 2.31xl012
0.012 2.50X1011 20 0.012 2.50X1011 20 0.007 4.29xlOn
0.019 1.58x1011 22 0.019 1.58X1011 22 0.015 2.00xl0u
0.031 9.68xI010 24 0.033 9.09xl010 24 0.027 1. llxlO11
0.048 6.25xl010 26 0.048 6.25xl010 26 0.041 7.32xl010
0.051 5.88xl010 27 0.060 5.OOx1010 27 0.049 6.12x10*°
0.11 2.73xl010 28 0.059 5.08x10*°
0.14 2.14xl010 29 0.15 2.00x1010 29 0.064 4.69x10*°
0.26 1.15xl010 30 0.32 9.38x109 30 0.092 3.23x10*°
0.49 6x12x10^ 31 0.52 5.7 7 xlO9 31 0.12 2.50x10*°
0.77 3.90xl09 32 0. 76 3.95xl09 32 0.29 1.03x10*°
1.13 2.6 5x109 33 0.97 3.09X109 33 0.82 3.66xl09
1.47 2.04xl09 34 1.23 2.44x109 34 1.10 2.73xl09
1.75 1.71X109 35 1.66 1.81X109 35 1.46 2.05x109
Ec = 3 . 0 x l 0 6 V/m 
d = 2 mm
TABLE A6.8: VARIATION OF RESISTIVITY 
IN ELECTRIC
AND BACK CORONA ONSET 
FIELD (Ec ) ,
TEA
VOLTAGE WITH CHANGE
Ec lxl06V/m Ec 2xX06V/m Ec 3xl06V/m
Vgc Jc
____________ ______
109 Vtc p Vtc p Vtc
10 0.0013 7.70X1011 12 1.54X1012 14 2.31X1012 16
12 0.0013 7.70XI011 14 1.54X1012 16 2.31X1012 18
14 0.007 1.43X1011 16 2.86X1011 18 4.29X1011 20
16 0.015 6.65X1010 18 1.33X1011 20 2.00x1o11 22
18 0.027 3. 7 Ox 1010 20 7.40X1010 22 l.llxlO11 24
20 0.041 2.44x1o10 22 4.88xl010 24 7.32X1010 26
;d »
21 0.049 2.04X1010 23 4.08X1010 25 6.12X1010 27 roro
22 0.059 1.70xl010 24 3.39X1010 26 5.08X1010 28
23 0.064 1.57X1010 25 3.13X1010 27 4.69xl010 29
24 0.092 t—* . O 00 X I—* o ■ o 26 2.15x1o10 28 3.23xl010 30
25 0.12 8.35xl09 27 1.67xl010 29 2.50x1010 31
26 0.29 3.44x10° 28 6.87x10° 30 1.03xl010 32
27 0.82 1.22x10° 29 2.44x10° 31 3.66x10° 33
28 1.10 9.10x10° 30 1.82x10° 32 2.73x10° 34
29 1.46 6.85xl08 31 1.37x10° 33 2.05x10° 35
V tc = Vgc + dEc
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T A B L E  A 6 . 9 :  S P A R K O V E R  VOLTAGE  ( V t b )
E =3 .
&h 3,
0xl06V/m
s o 3,tea
lX106V/m
TEA
2x10®
TEA
V/m
Vgc Vx Vtc Vtb Vtc Vtb Vtc Vtb
16 0 22 22.0 18 18.0 20 20.0
18 0.7 24 24.7 20 20.7 22 22.7
20 1.5 26 27.5 22 23.5 24 25.5
21 1.9 27 28.9 23 24.9 25 26.9
22 2.2 28 30.2 24 26.2 26 28.2
23 2.6 29 31.6 25 27.6 27 29.6
24 3.0 30 33.0 26 29.0 28 31.0
25 3.3 31 34.3 27 30.3 29 32.3
26 3.7 32 35.7 28 31.7 30 33.7
27 4.1 33 37.1 29 33.1 31 35.1
28 4.5 34 38.5 30 34.5 32 36.5
29 4.8 35 39.8 31 35.8 33 37.8
30 5.2 36 41.2 32 37.2 34 39.2
31 5.6 37 42.6 33 38.6 35 40.6
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T A B L E  A 7 . 1 :  DUST L O A D I N G
COAL NO. COAL ASH % PRECIPITATOR 
DUST LOADING gm/Nm3
1 31.7 11.9
2 18.8
24.1
5 30.5 11.8
6 30.9
7 + lOA 10.1 4.0
7 + 108 10.5 3.6
7 9.0 4.0
8 28.5 11.2
9 21.0 7.6
10 12.9 3.3
11 23.1 6.6
12 13.2 5.2 .
13 8.0 3.9
14 3.5 1.6
15 8.6 5.2
4 23.3 10.5
16 19.8 7.3
17 9.8 2.9
18 15.5 3.9
TABLE  A 7 . 2 ASH A N A L Y S I S
COAL ASH ANALYSIS PERCENT
NO. BASIC ACIDIC
Na20 oC\J Fe20^ Mn^O^ MgO CaO % Basic S« 02 Al 20^ Ti, 0 2 p205 % ACIDIC
1
2
7
0.66 2.34 4.25 0.12 1.16 2.61 12.14 53.5 29.3 1.39 0.06
J
4 0.12 0.39 2.09 0.02 0.94 1.64 5.20 55.0 34.8 1.98 0.34
5 1.18 1.28 2.19 0.08 1.32 3.46 9.51 58.7 27.5 0.97 0.01
6 0.32 0.63 3.56 0.09 0.49 3.20 8.29 52.2 37.5 1.96 0.09
7 0.35 0.79 4.59 0.05 0.70 2.06 8.59 57.2 30.2 1.66 0.66 >
8 0.05 0.12 1.06 0.01 0.62 0.06 1.92 59.2 35.4 2.07 0.06 ro
9 0.04 2.03 0.65 0.00 0.24 0.25 3.21 65.0 28.1 0.91 0.04
CJ1
10 0.29 0.11 7.32 0.16 5.45 15.9 27.13 25.8 28.7 1.41 0.49
11 0.03 0.17 0.87 0.03 0.02 0.14 1.26 89.4 8.3 0.38 0.02
12 0.08 0.43 7.1 0.04 0.04 0.15 7.84 64.2 26.2 0.85 0.04
13 0.32 2.6 9.9 0.15 1.8 5.6 20.37 54.9 21.1 1 . 0 0.17
14 0.45 0.45 14.5 0.12 2.83 3.87 22.22 42.1 29.2 2.04
15 0.2 0.2 5.0 0.05 0.8 1.00 7.25 65.8 24.4 1.2 0.2
16 ND* 0.24 3.3 0.03 - 0.24 4.11 56.1 36.6 1.7 0.54
17 ND* 0.49 11.6 0.26 0.95 2.6 16.20 52.0 23.5 0.26 0.3
18 ND* 0.40 1.8 0.05 - 0.06 2.61 73.7 19.3 0.62
7 + 10A 0.2 7 0.39 6.3 7 0.04 3.26 10.14 20.47 39.39 27.03 1.36 1.04
7 + 10B 0.28 0.5 7 5.98 0.09 2.21 7.16 16.29 48.5 30.0 1.59 0.94
20 0.08 0.63 4.4 0.01 0.09 0.43 5.64 66.0 22.8 2.1 0.72
* ASSUME Na20 0.3%
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TABLE A7.3: PERCENT BASIC COMPONENTS
COAL ASH FUSION TEMPERATURE (REDUCING) PERCENT
NO DEFORMATION HEMISPHERE FLOW AVERAGE BASIC
COMPONENTS
2 1390 1480 1520 1463 12.14
4 5.20
5 12/0 1500 1550 1440 9.51
6 1250 >1600 >1600 1483 8.29
7 1310 1500 >1600 1470 8.59
8 1.92
9 1285 >1600 >1600 1495 3.21
10 1170 1370 1400 1313 27.13
11 1395 >1600 >1600 1533 1.26
12 1280 1540 1570 1463 7.84
13 1140 1330 1360 1277 . 20.37
14 1145 1340 1360 1282 22.22
15 1190 1470 1490 1383 7.25
16 1120 1580 1590 1430 4.11
17 1020 1230 1250 1167* 16.20
18 1200 1550 1580 1443 2.61
7+10(A) 1240 1310 1370 1307 20.47
7 + 10 ( ft) 1220 1330 1380 1310 16.28
20 5.64
* 1270 SEE NOTE TABLE A7.4
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TABLE A7.4: ASH FUSION TEMPERATURE
COAL
NO.
FUSION TEMPERATURE 
AV REDUCING AV OXIDISING
5 1440 1457
6 1483 1577
8 1310 1387
7 + 10(A ) 1307 1343
7 1470 1503
9 1495 1480
10 1313 1327
11 1531 1533
12 1463 1500
13 1277 1370
14 1282 1352
15 1383 1397
16 1430 1463
17 116 7* 1323
18 1443 1457
* PROBABLE EXPERIMENTAL ERROR FIGURE 7.5 INDICATES A
VALUE OF 1270°C
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TABLE A7.5: ASH FUSION AND FURNANCE TEMPERATURES AND
RESULTANT PARTICLE SIZE
COAL
NO
AVERAGE ASH 
FUSION 
TEMPERATURE 
(REDUCING)
AVERAGE FURNACE 
TEMPERATURE
PARTICLE SIZE 
(50% MASS MEDIAN) 
DIAMETER
5 1440 1055 8.3
6 1483* 1095 7.8
7+10(A ) 1307 1209 8.9
7+10(B ) 1310 1337 9.9
7 1470* 1257 8.5
9 1495* 1336 6.2
10 1313 1200 10.2
10 1313 1311 13.5
11 1531* 1320 5.5
12 1463 1303 6.1
13 1277 1313 9.6
15 1383 1273 7.4
16 1430 1258
17 1167 1220
18 1443
2 1463 10.0
4 1600* 1310 7.9
* ASH FUSION TEMPERATURE GREATER THAN MEASURABLE 
TEMPERATURE FOR SOME FUSION TESTS
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TABLE A7.6: PARTICLE SIZE, 
MECHANICAL
PERCENT BASIC 
EFFICIENCY
COMPONENTS AND
COAL MECHANICAL PARTICLE SIZE PERCENT
NO EFFICIENCY % (50% MASS BASIC
SCA MEDIAN COMPONENTS
40 60 DIAMETER)
1 61.8 9.6
2 48.5 70.8 10.0 12.1
3 52.4 4.1
4 62.1 6.2 5.2
8 45.8 59.4 7.4 1.9
9 61.1 6.2 3.2
10 73.0 77.7 13.5 27.1
11 65.2 5.5 1.3
12 69.0 6.1 7.8
13 61.4 9.6 20.4
14 63.4 5.4
*
22.2
15 67.8 7.3
19 52.5 55.3 7.7
5 8.3 9.5
6 7.8 8. 3
7 8.5 8.6
7 + 10(A ) 8.9 20.5
7 + 10(B ) 9.9 16.3
* VERY LOW COAL ASH CONTENT (4%) (1.6 gm/Nm3 INLET
LOADING) THEREFORE LOW PARTICLE CONTACT FREQUENCY IN 
FURNACE. (NOT INCLUDED IN FIGURE 7.6).
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TABLE A7.7: MECHANICAL EFFICIENCY AND VELOCITY
COAL NO. 1
MECHANICAL
EFFICIENCY
PRECIPITATOR GAS 
VELOCITY (to/SEC)
77.4 0.88
70.7 0.90
65.0 1.15
63.8 1.13
61.8 1.17
47.6 1.48
46.5 1.48
TABLE A7.8: MECHANICAL EFFICIENCY AND DUST LOADING
COAL NO. DUST LOADING MECHANICAL
(gM/Nm3) EFFICIENCY
(60 SCA)
1 11.9 61.8
2 70.8
3 52.4
4 10.5 62.1
8 11.2 59.4
9 7.6 61.1
10 3.3 77.7
11 6.6 65.2
12 5.2 69.0
13 3.9 61.4
19 55.3
14 1.6 63.4
TABL E  A 7 . 9
Coal
No.
Percent
Basic
Comp­
onents
Particle
Size
o)
(Mi crons)
Mechanical
Efficiency
(2)
Back
Corona
Onset
(3)
(Vtc>
Ai r 
Gap
Voltage
V  {4)
Corona
Onset
(3)
Flash 
Over 
Voitage
vtb w
aV2 At 
Corona 
Onset
a=60m2m3/ 
sec.
aV2 At 
Flashover
a=60m2m3/ 
sec.
Slope of 
Perfor­
mance 
Line 
(5)
Slope of
.aV
Line
(6)
2 12.1 8.7 69 24.7 19.0 17.2 27.8 1.78 4.64 0.47 x 104 0.14 x 104
7 8.6 7.7 67 26.0 19.8 18.2 29.3 1.99 5.15 0.42 x 104 0.13 x 104
10 27.1 12.8 76 34.2 28.0 15.0 35.7 1.69 7.65 0.70 x 104 0.20 x 104
11 1.3 5.7 62 23.0 17.1 17.0 25.5 1.73 3.89 0.28 x 104 0.08 x 104
13 20.4 11.0 74 30.0 24.0 18.7 35.2 2.05 7.45 0.58 x 104 0.17 x 104
CjO 1
(1) From Figure 7.6
(2) From Figure 7.8
(3) From V-J Characteristics
(4) From Figure 4.12 (Electrical Performance Diagram)
(5) From Figure 7.16
(6) Achieved by dividing performance line slope by constant (3.36)
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APPENDIX
A2.1 Field Charging Assumptions and their Validity
The validity of assumptions made in section 2.8, 2.9 
are discussed.
The first assumption is that the particles are 
considered to be spherical. A comparison of surface 
area of a cube to that of a sphere shows that at the 
same particle diameter, a cube particle would have 1.9 
times greater surface area than a sphere. The charge 
on the cube particle would therefore be greater and 
would take a longer time to be attained than on the 
spherical particle. The charge on the cubical
particle is not very important here because extensive 
photographs of fly ash have shown the majority of 
particles to be spherical*5 4 *. This sphericity is 
caused by the melting of the ash in the combustion 
zone of the furnace and subsequent cooling in a high 
velocity turbulent flow gas stream.
The second assumption is that the field from one 
particle does not modify the field in the vicinity of 
another particle. This assumption is correct provided 
particles are at least five diameters*1* away from 
each other. A calculation of actual interparticle 
distance and ash densities are calculated for coal No. 
2, which has 18.8 percent ash and the ash particle 
size distribution shown in Figure A2.1.
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Taking the 5 to 10 micron range particles, 
separation between individual particles can 
calculated from Table A2.1 data.
99
95
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40
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5
1
0.1
0.01 I I_________ » -___________ I_____ I______ I____I--------1---------- 1---------------u
50 40 30 20 1 0 8  6 5 4  3 * 2
PARTICLE SIZE - MICRONS
the
be
Figure A2.1 Ash particle size distribution from 
coal No. 2.
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Average particle diameter = 7.5 microns = 7.5 x 10"4
cm
Mass 1.82 gm/Nm3 = 1.82 x 10“6 
gm/cm3
Density 2.2 gm/cm3
Mass of each sphere 4IID3 cm3 
3 8
x 2.2 qm
cm
, _ d ?
411(7.5x10 ) x2.2 qms
3 8
Particle Density
4.86 x 10'10 gms
Total____________________
Individual particle mass
1,82 x 10'^
4.86 x 10'10
•3
= 3745 parti cles/cmJ
The average separation between individual particles is 
equal to the cube root of the inverese of the particle 
d e n s i ty .
i.e. Average separation = / 3745
= 0.0644 cm 
= 644 microns
This is 86 times the average diameter, thus 7.5 micron 
particles are too greatly separated to influence each 
other. These calculations are repeated for all the 
particle ranges and the results listed in Table A2.2.
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The total density of all the particles is 318,000 per 
cm^ with an average separation of 146 microns and a 
mass median diameter of 10.1 microns (Figure A2.1). 
The average diameters between particles is 14.5, which 
is greater than the minimum value for field
modi f i catai on predicted by White^). Therefore the 
field from one particle will not modify the field in 
the vicinity of the next nearest particle because it 
is too far away.
The third assumption is that the particles and ions 
are suspended in a region permeated by a constant 
electric field. This assumption is invalid and the 
variation of the electric field caused by a number of 
factors, requires modification in practice to the 
calculated charging rate equation.
(a) The electric field intensity is highest very 
close to the discharge electrode. It drops off 
rapidly in intensity a short distance from the 
electrode and is then fairly constant against 
across the majority of the interelectrode space 
either rises or falls at the discharge electrode 
depending on the resistivity and thickness of the 
dust layer. Therefore through the majority of 
the interelectrode space the electric field is 
constant.
(b) The first major significant difference is in the 
applied voltage. The power supply derives a 
direct voltage from the alternating voltage by 
either half or full wave rectification. The
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voltage therefore swings through a range of 
values during each cycle of input power. The 
variation in voltage and current causes a twofold 
change in the charging characteristics of the 
dust particles. The particle will acquire a 
saturation charge dependent on the peak value of 
the applied electric field. Particle charging 
occurs when the applied electric field, in the 
vicinity of the particle exceeds the self-field 
from the particle and ceases when it is less than 
the particle self f i e l d ^ l ) .  This charging time 
constant is effectively increased by the 
reciprocal of the percentage of time that ions 
flow to the particle. The voltage drop away from 
the peak value causes a decrease in current which 
reduces the free ion density and therefore the 
particle charge rate. This causes a further 
increase in the charging time constants.
(c) The second significant variation is caused by the 
presence of charged and uncharged dust in the 
interelectrode space. At the inlet to the 
precipitator, large quantities of uncharged dust 
are introduced into the interelectrode space for 
charging. As the particles acquire charge the 
free ion density rapidly decreases causing a 
reduction in ionic space charge in the charging 
section of the precipitator. This cloud of 
charged dust also causes an increase in space 
charge which tends to quench the corona current,
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thus further reducing ionic space charge. This 
causes a further increase in the charging time 
constant. Thus the particle may be up to 75
percent of the distance through the precipitator 
before it attains 90 percent saturation charge, 
depending on voltage rectification, dust
resistivity and loading, gas velocity, 
precipitator length, spare charge etc.
A2.2 Diffusion Charging - Assumptions
The diffusion charging equation (section 2.10) was 
derived with the assumption that diffusion charging 
was independent of applied electric field. This 
assumption was made so that a solvable equation could 
be developed. If the effect of the applied field is 
included, computers are required and the problem could 
not be solved in an iterative fashion. Several 
investigators have attempted to extend the theory to 
include the charging characteristics in the presence 
of an applied electric field.
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A3.1 Cathode Ray Osci11iscope Probe
The cathode ray probe was used to detect changes in 
current intensity and wave shape arriving at the 
insulated collecting electrode in precipitator C. 
Figure A3.1 shows the current pulses for coal No.1 
ash in the normal breakdown mode at 35 kV and 0.24 mA. 
Figure A3.2 shows the current pulses in the back 
corona mode (44.5 kV, 2.9 mA) just prior to flashover, 
with the positive current flow streamers clearly 
visible innthe vicinity of the base line.
The effect of 15 ppm triethyl amine on coal No.lash 
can be seen in Figure A3.3 (40 kV, 2.4 mA). Back 
corona has been suppressed and the intensity of 
negative pulses reduced.
The average current arriving at the insulated plate 
with 15 ppm triethyl amine injection was approximately 
100 times smaller than the total aurrent to the 
precipitator, thus indicating even current 
distribution because the insulated plate is 104 times 
smaller than the total collecting plate area.
With no additive and medium to high resistivity dust, 
current arriving at the insulated plate were up to 
60 percent higher or lower than the total current 
to the precipitator divided by 104. This has been 
caused by the uneven current flow to the collecting 
electrode due to the resistivity of the 
unconditioned dust.
A 39
cu 
>  +-> 
• I -  c
4-> CU 
fO S­
cr> t- 
cu =5z: o
(fffTf, i(ff/pvt rfffiTffrçK
t i  me
BASE L INE
F i g u r e  A3.1 Cur ren t  p u l s e  in normal  breakdown 
mode
t i  me
BASE LINE
F i g u r e  A3.2 Cur r en t  p u l s e  in back corona mode 
j u s t  p r i o r  to f l a s h o v e r
BASE LINE
F i g u r e  A3.3 S u p p r e s s i o n  o f  back corona and i n t e n s e  
n e g a t i v e  p u l s e s  by a d d i t i o n  o f  15 ppm 
t r i  e t hy l  ami ne
A 40
A5.1 Determination of Corona Onset Voltage
Determination of corona onset voltage ( V c ) from V-J 
characteristics at temperature 122°C.
Corona onset voltage is obtained by substituting 
values of corona onset and current density into 
Poisson’s equation and determining whether the 
calculated voltage falls on the V-J characteristic 
line (Figure 5.2). This substitution is continued 
until agreement is achieved.
Poisson's equation
i + /iTcf 
5 x i + A +7 i
V = Ci/l+^p - -'W? - In
where
c
£
V
eo
y
y,
= — ( J 1 \ ̂2
c '2lle y o
= corona onset voltage
= current density per unit length
= 8.85 x lO-12 F/m
= mobility = (273+t )p 0
273pa
= 2.2 x 10-4 (at N.T.P.)
when
I = 0
C
Let In r2/ri
vc
y
18 kV
395x2.2x10
273 3.18x10
C 4503
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For
I = 1mA 
J = 1.33
J-j = 6 . 5 6 x 1 0 - 4
( ji2tt£ y 0
r2 = (6.56x10
-4
2nx8.85xl0'12x3.18x10 -Ì
= 0.1926 X 106
*1  " ÏT  « i n f o *  = ° -0599 
*2 2 = 3.2592C 2tte u 0
A  + = 1.0018
A  + = 3.4091
V = 4503 {3.4091-1 J0018-1n 
= 4503 x 4.9920 x 10'3 kV'
0.0599 4.4091
3. 2592x2.0018
= 25.28 kV which is too low (see Figure 5.2)
Next try
Vc = 18.6 kV 
C = 4653 
^  = 0.0579 
< 2 = 3.1541
A  +'<! =
A  + 4  = 3-3088
V = 4653 {3.3088-1.0017-ln 
= 25.78 kV
0.0579 
3.1541 x
4.3088
2.0017
which agrees with the value on the V-J characteristic
curve.
Therefore corona onset voltage is 18.6 kV.
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A5.2 Calculation of Air Mobility ( y) at 30°C
The corona onset voltage and V-J character!* s ti cs at 
30°C for flue gas are calculated by substituting 
temperature and roughness factor into Peeks and 
Poisson's equation.
This gives a Vc value of 25.8 kV and V-J character is 
Line B on Figure 5.5 for 30°C. Mobility of air can be 
calculated from these values.
Ec
if
r2 In r 2/
1
for
Vc = 25.8 kV 
C = 6455
J = 1.33 amps/m
V = 33 kV (from actual result)
<1
_ 1.4 x 10 - 3 6.56x10 -4
6 , 4 5 3  , / 9  2 8 . 8 5 x 1 0 “ 1 2 X x 1 0
= 0.07455C1/^
1 / 2
i t »;
<£2 = 4.0549* 
where
X x  10“4 = mobility at 30°C /. g
l -  7^ -  in 2
5 R  j
}
left hand side = = 5•1123
Substitute values of X  in right hand side of equation 
until it equals left hand side.
This occurs when = 2.53
Therefore mobility of air at 30°C is 2.53 x 10"4.
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